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ABSTRACT

Data from five conductivity-temperature-depth (CTD) surveys collected dur-
ing 1985 and 1986 in support of project MOIST —Meteorological and Oceanographic '
Influences on Sockeye Tracks— are used to describe the salient oceanographic fea-
tures of the waters lying between Vancouver Island and the British Columbia main-
land coast. Using these data, four oceanégraphic regimes are clearly defined on
the basis of salbinity structure. Temperature-Salinity diagrams ére used to discuss
water types and mixing ratios in these regimes. Vigorous tidal mixing over shallbw

-sills and/or in narrow channels produces tidally mixed fronts that separate oceano-

graphic regimes. The tidal evolution of two of these fronts located near Weynton
Passage and Cape Mudge are discussed by means of 24-hour CTD stations. Sea-
sonal variability of the residual estuarine circulation is examined and estimates of
the seaward flow in the upper layer of a very simple two-layer geostrophic model
were found to be in reasonable agreement with the few airect measurements made
in this région. Seasonal variability of the general hydrography is described.

Ultrasonic telemetry provided horizontal and vertical distribution time se-
ries data for return migrating sockeye salmon (Oncorhynchus nerka). Concurrent
high spatial resolution CTD data was used to specify the ambient temperature and
salinity fields in the immediate vicinity of the tagged sockeye. Spectral analysis
of the depth and ambient oceanographic data time series revealed periodic vertical
movements at approximately 15 and 33 minutes per cycle for fish tracked in the
slightly stratified regimes of Queen Charlotte Strait, western Johnstone Strait and
the Strait of Georgia. High frequency large amplitude periodic vertical movements
were characteristic of fish that did not make significant progress towards the Fraser
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River: low frequency small amplitude vertical movements were characteristic of well
oriented fish. Aspect ratio, defined as the horizontal distance travelled divided by
the vertical distance travelled, gave an indication of the relative degree of homeward
orientation. Vertical distribution and orientation were also related to the frequency
and duration of successive vertical excursions. Fish depth and vertical swimming ve-
locity were found to be positively correlated in regions of weak stratification and/or
for well oriented fish. Ambient density gradients were not found to inhibit verti-
cal movements as the rate of doing work against hydrodynamic drag was several
orders of magnitude greater than that of doing work against a varying buoyancy
force. In the presence of strong temperature and salinity gradients, tracked sockeye
were most often observed at depths not associated with the maximum gradients.
In stratification regimes where temperature and salinity gradients were nearly uni-
form with depth, tracked sockeye were observed at depths uniformally distributed
throughout the thermo- and haloclines. Minimum vertical swimming velocities were
generally associated with minimum vertical gradients. These observations suggest
that the tracked sockeye frequently swam through but did not reside in the region
of the maximum gradients. Dimensional analysis suggested that physical variables

alone are insufficient to specify the vertical distribution of the tracked sockeye.
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Chapter 1: Hydrography
CHAPTER 1

HYDROGRAPHY OF BRITISH COLUMBIA’S
INSIDE PASSAGE

1.1: Introduction

An ambitious multi-disciplinary study was undertaken in the spring and sum-
mer of 1985 and 1985 to addreés the general relationships between an adult sockeye
salmon’s (Oncorhynchus nerka) immediate environment and its return migration
route and timing. One aspect of this study was an intensive field program designed
to combine high resolution data of the sockeye’s vertical and horizontal movements
with similar resolution physical oceanographic data. Thus, high resolution temper-
ature (T), salinity (S) and depth data were obtained along the return migration
route of ultrasonically tagged sockeye.

It became clear if the T and S data collected during tracking were to be used
to relate the fish’s immediate environment to its horizontal and vertical movements,
then a detailed hydrography of the study area would be required. To this end, data
collected from five conductivity-temperature-depth surveys conducted during the
spring and summers of 1985 and 1986 in support of project MOIST-Meteorlogical
and Oceanographic Influences on Sockeye Tracks— are used to describe the salient
oceanographic features of the waters lying between Vancouver Island and the British
Columbia mainland coast.

A total of 28 conductivity-temperature-depth (CTD) sections were completed
and seven 24-hour stations occupied during the cruises of the research vessels CSS
Vector (24-28 June 1985, 26-29 August 1985, 29 May 1986 and 23-25 June 1986)
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Chapter 1: Hydrography
and CSS Parizeau (3-6 September 1986). The study region was limited to those
waters lying between Vancouver Island and the British Columbia (BC) mainland
coast; an area known as the “inside passage”. Special attention was given to those
regions within the study area where strong tidally mixed and estuarine fronts were
known to exist (Thomson et al., 1985). The purpose of all the cruises was to
provide baseline hydrographic data for the 1985 and 1986 sockeye tracking program
of project MOIST (Quinn and terHart, 1987, Quinn et al., 1989). To this end, the
different stratification regimes and fronts that lay in the return migratory path of

the sockeye salmon were examined.

The southern portion of the inside passage consists of Queen Charlotte Strait
(QCST), Johnstone Strait (JS), Discovery Passage (DP) and the Strait of Georgia
(SG). The general geographic region is illustrated in Figure 1. Table 1 summarizes
the 28 CTD sections, Table 2 the observed fronts and Tables 3 and 4 the two sets

of 24-hour stations in Weynton Passage and Discovery Passage, respectively.

Using these data, four oceanographic regimes are clearly defined on the basis
of salinity structure. Temperature-salinity (TS) diagrams are used to discuss water
types and mixing ratios in these regimes. Table 5 summarizes TS characteristics ob-
served in this region. Vigorous tidal mixing over constricted sills produces tidally
mixed fronts throughout the inside passage which serve to separate the oceano-
graphic regimes. The isopleths of the observed fronts are substantially modified by
the residual estuarine circulation and as such, the isopleth topology differs from
that of a classically defined tidally mixed front. This different form of a tidally
mixed front is defined as a hybrid tidally mixed front (Bowman and Essais, 1978).
The tidal evolution of the fronts located near Weynton Passage (F7) and Cape
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Chapter 1: Hydrography
Mudge (F1) are described by means of twenty-four hour stations. Figure 2 gives
the locations of the 7 sets of 24-hour stations. A description is given of the seasonal
changes in the general hydrography where applicable.

Thomson et al. (1985) and terHart (1988) contain the complete set of T, S
and sigma-t ( o0:) sections for each of the 28 sections, the 7 24-hour stations and
plots of all 393 CTD profiles. These surveys provide the greatest spatial resolution
of the hydrography of this region to date. Detailed examinations of the physical
oceanography of the region may be found in Waldichuck (1957) and in the excellent

reviews of Thomson (1981) and LeBlond (1983).

1.2: Data Collection and Processing

The research vessels CSS Vector and CSS Parizeau of the Institute of Ocean
Sciences, BC were used to collect 393 CTD profiles. With the exception of the 24-28
June 1985 cruise of the CSS Vector and the 3—6 September 1986 cruise of the CSS
Parizeau, ship time aboard the CSS Vector was.shared with other investigators. At
the request of the author, the data collected on 29 May 1986 presented herein was
acquired while the CSS Vector was transitting the study area.

A Guildline Instruments Model 8705 Digital CTD Probe and a Model 87102
Control Unit were used in conjunction with a Hewlett Packard (HP) 93101 personal
computer and plotter. The manufacturer’s reported accuracies are £0.005°C, *
0.01 parts per thousand (ppt) and + 0.15% full scale pressure. The use of the 1000
and 1500 db pressure transducer resulted in depth accuracies of £1.50 and +2.25 m
respectively. This system transmitted a triplet of data to the control unit at 40 ms
intervals that was recorded on a stereo casette tape recorder. Data were recorded
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Figure 2 . Map showing the location of the two sets of 24 hour stations. Stations in
the vicinity of Weynton Passage were conducted 28-19 August 1985 and those in the
vicinity of Cape Mudge were conducted 24-15 June 1986.
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Chapter 1: Hydrography
only on the downcasts. A rate of descent of 0.5-1.0 m/s generated 12 to 25 triplets
of data per meter of depth. Conductivity and pressure were converted to salinity
and depth respectively by the HP and plotted in real time at .5 m intervals. The
87102 control unit was later used to play baék the stereo cassette tape to a 9-track
magnetic tape for processing on UBC’s Amdahl computer.

The data were despiked and averaged over one meter depth intervals and
o; calculated using the International Equation of State, 1980 (Pond and Pickard,
1983). Header data for each cast was added consisting of cruise designation number,
consecutive CTD cast number for a particular cruise, time (PDT), date and position
to one one-hundredth of a minute. All graphical output was produced on UBC’s
QMS Lazergrafix 1200 laser printer. |

An intermittant electronics failure within the CTD probe itself probe pro-
duced an intermittant positive spike in the T readings. This fault occurred gen-
erally at depths greater than 70 m and only during the initial cruise of the CSS
Vector (24-28 June 1985). This was not considered a catastrophic problem and

rather than smooth the CTD casts affected, the bad data were liberally removed

from the affected profiles.

1.3: Discussion

The inside passage (Figure 1) consists of two large basins (QCST in the north
and the SG in the south) connected by a narrow, sinuous channel (JS and DP).
Sections obtained during this multi-year survey include sixteen along-channel and
twelve across-channel transects. The seven 24-hour stations consist of data obtained
from a set of three stations in Weynton Passage and four in the vicinity of Cape

6
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Mudge (Figure 2). It should be noted that more effort was expended in areas of
more physical oceanographic interest. The following discussion will be formatted
as follows: an examination of the along-channel sections through the entire inside
passage, of the along and across-channel sections and 24-hour stations obtained in
QCSD and QCST and finally, of the along and across-channel sections and 24-hour

stations obtained in the SG. Table 1 summarizes all sections for the 5 surveys.

1.3.1: The Inside Passage

Two continuous along-channel sections were conducted throughout the inside
passage during 24-25 June 1985 and 26-27 August 1985 (sections 1 and 2 — Figures
3 and 4- respectively).

The general physical oceanographic characteristics of the inside passage result
from the intrusion, at depth, of relatively cold, salty Pacific Ocean water through
QCSD and QCST, the relatively warm, brackish water of the SG moving seaward
on the surface and the vigorous tidal mixing in the constricted channels of JS and
DP (Thomson, 1981; Thomson et al., 1985; terHart, 1988).

Four distinct oceanographic regimes can be identified in section 1 (Figure
5): the slightly stratified vertical structures of the SG, JS and QCST with surface
to bottom salinity differences of 3 ppt, .5 ppt, and 1.5 ppt respectively and the
verfically well-mixed waters of DP.

The slightly stratified vertical salinity structure of the SG , with surface waters
of over 12°C and less than 29 ppt, is largely due to the fresh water run-off of the
Fraser River. Run-off from several large inlets, most notably Bute and Toba in
northern SG and Howe Sound in the south, amounts to only a fraction of that of the

7



Table 1

Chapter 1: Hydrography

Details of the CTD sections. Figures 2—6 show the cruise tracks of the research ships
and section numbers. Sections and 24-hour stations are grouped geographically and
are summarized in terms of the number and station spacing.

Section Region No. of CTD’s Stn. spacing
1 Central SG to QCSD 46 3-20 km
(25-26 June 1985)
2 Central SG to QCST 30 4-20 km
(26-27 Aug 1985)
3 QCSD to JS 24 3~10 km
(26 June 1985)
4 Western JS to QCSD 14 7.5-25 km
(3 Sep 1986)
5 Goletas Channel 7 7.5-14 km
(3 Sep 1986)
6 Meridional section of 5 7 km
QCSD
(25 June 1985)
7 Meridional section of 5 7-10 km
QCSD
(3 September 1986)
8 Broughton Strait 9 3-8 km
' (26 June 1985)
9 Western JS to QCST 7 4-9 km
(29 May 1986)
10 Weynton Passage 3 5.5-8 km
(3 September 1986)
11 Transverse section of 7 3 km
northern QCST
(26 June 1985)
12 Transverse section of 7 2-3 km
northern QCST
(3 September 1986)
13 Transverse section of 9 3 km
central QCST
(27 August 1985)
14 Transverse section of 5 3 km
south QCST
26 June 1985
15 Transverse section of 5 2-3 km
southern QCST
(3 September 1986)
16 SG 15 7.5-14 km

(23-24 June 1986)




Table 1 (Cont.)
Details of the CTD sections. Figures 2-6 show the cruise tracks of the research ships
and section numbers. Sections and 24-hour stations are grouped geographically and
are summarized in terms of the number and station spacing.

Chapter 1: Hydrography

Section

Region

No. of CTD’s

Stn. spacing

17
18
19

20

21

22

23

24
25

26

27

28

Central SG

(4 Sep 1986)
Malaspina Strait
(27-28 June 1985)
Malaspina Strait
5 September 1986
DP to Cape Lazo

(flood)

(27 June 1985)
DP to Cape Lazo
(ebb)

(27 June 1985)
Cape Mudge to
Cape Lazo
(4 September 1986)
Transverse section of
northern SG
(4 Sep 1986)
Cape Lazo to Cape Sutil

(27 Jun 1985)
Cape Sutil to
Willow Point
(27 June 1985)
Transverse section of
central SG
(4 Sep 1986)
Cape Lazo to
Powell River
(27 Jun 1985)
Transverse section of
southern SG
(4 Sep 1986)

8
6
5

14

17

10

10

15 km
13 km
7-15 km

3 km

3 km

7.5 km

2.5-3.5 km

3-5 km

3 km

4 km

3 km

4-6 km

Fraser River and as such, accounts for little of the observed salinity structure. The

vertically well-mixed waters of DP are produced by rigorous tidal agitation through

Seymour Narrows. To the east of Kelsey Bay, the relatively shallow and slightly

stratified waters of JS have temperatures and salinities that vary only slightly from

9
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Figure 3. Cruise track of the research vessel CSS Vector (section 1: 24-25 June 1985). Station
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fqdeifoipAg :1 191deq)



I

Vancouver Island

‘BC Mainland

.F'igure 4. Cruise track of the research vessel CSS Vector (

section 2: 25-26 August 1985). Station

locations and selected station numbers are superimposed over the vessel’s track.

AydeiBoipAy :1 1ydey)



. F5 F6 F3 F2 FI

(=]
—

< g 9:. TR NE RN 1 1 SN ETIT ' |t
(=¥ ) | - \[ W

g X *
—
g § :
2 E
g &
o A =
2| |

500

Range: 1 tick=20 km

Figure 5. Vertical section of o, for section 1. Stations extend from central SG to QCSD (right to
left) and were occupied during the period 25-26 June 1985. Station locations are shown in Figure
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Chapter 1: Hydrography
10°C and 30 ppt. West of Kelsey Bay, the slightly stratified but relatively deep
waters of this portion of JS have values of T and S in the range of 9-10°C and 31-
32 ppt respectively. The greater degreee of stratification in the deep western portion
of JS is a result of the intrusion of cold, salty Pacific Ocean water via QCST and
QCSD. Lastly, the slightly stratified waters of QCST show bottom waters of Pacific
Ocean origin with temperatures near 7°C and salinities greater than 33 ppt. Surface

temperatures are near 10°C and surface salinities are less than 30 ppt.

Tidal forcing provides the kinetic energy necessary to mix and in extreme
cases, homogenize the water column over shallow sills and in constricted channels
(Farmer and Freeland, 1983). Indeed, the general estuarine (gravitational) cir-
culation is greatly dependent on the rate at which mixing occurs and its spatial
extent within these topographic features (Geyer and Cannon, 1982). Thus, the four
oceanographic regimes are separated by three tidally mixed fronts (see Figures 5
and 6): a subsurface/surface front at the southern entrance to DP (F1), a surface
front at Kelsey Bay (F2) and subsurface fronts at the western entrance to JS in
Blackney Pass (F3) and Weynton Passage (F7: Figure 8). Table 2 summarizes all

fronts observed in the study area.

The strongest and most dynamically significant feature anywhere in the study
area is surface/subsurface front (F1) near Cape Mudge where the vertically well-
mixed waters of DP debouch into the SG to meet a buoyancy layer formed by fresh
water run-off and solar heating. This surface layer is less than 30 m deep and is
bounded by the 10.5°C isotherm, the 29.5 ppt isohaline or the 22.5 o; isopycnal.
Surface gradients in the region of the front are 4°C and 1.5 ppt per 10 km. The
surface front at Kelsey Bay (F2) separates the vertically well-mixed waters of DP

13
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Table 2

Details of the observed fronts. The fronts are numbered in order of their first
mention in the text. Summary includes location, Sections observed in, type of front
(‘sfc’ implies surface, ‘ssfc’ subsurface, MT mixed tidal and E estuarine), horizontal
gradients and the state of the tide.

Designation Location Section Type Hor. Grad.
°C/10 km ppt/10 km
F1 (Ebb) Cape Mudge 1 sfc/ssfc, MT 2.7 1.0
F1 (Flood) Cape Mudge 20 sfc/ssfc, MT 12.5 3.3
F1 (Ebb Cape Mudge 21 sfc/ssfc, MT 14 1.2
F1 (Ebb Cape Mudge 2 sfc/ssfc, MT 4.0 1.5
F1 (Ebb Cape Mudge 22 sfc /ssfc MT 2.5 1.0
F2 (Ebb Kelsey Bay 1 sfc/ssfc, MT 1/.2 1/.3
F2 (Ebb Kelsey Bay 2 sfc, MT 0.3 0.5
F3 (Flood) Blackney Pass 1 ssfc, MT 1.5 0.8
F3 (Slack) Blackney Pass 2 sfc, MT 1.5 1.0
F3 (Ebb) Blackney Pass 4 sfc, MT 1.0 1.0
F4 (Flood + QCST 4 sfc, E 1.0 0.3
F5 (Flood Nahwitti Bar (west 1 sfc MT 0.8 0.7
F5 (Ebb) Nahwitti Bar (west 5 sfc, MT 3.0 1.0
F6 (Flood) Nahwitti Bar (east 1 sfc, MT 1.5 0.8
F6 (Ebb) Nahwitti Bar (east 5 sfc, MT 1.0 1.0
F7 (Flood Weynton Passage 3 ssfe, MT 1.0 0.5
F7 (Flood Weynton Passage 9 sfc/ssfc, MT 4/.2 8/.8 -
F7 (Flood Weynton Passage 10 sfc /ssfc M 1.0 0.4
F8 (Ebb Broughton Strait 8 ssfc, MT 1.9 1.1
F9 Ebbg Malaspina Strait 26 sfc, E 0.3 1.9

and eastern JS from the slightly stratified waters of western JS. Surface gradients
associated with F2 are .3°C and .5 ppt per 10 km. There is a subsurface front (F3)
in Blackney Pass where the intrusion of dense Pacific water into the deep basin of
JS is evidenced by waters less than 9°C and greater than 32 ppt. The intrusion is
deeper than 25 m and its upper extent is delineated by the 9°C isotherm, the 32
ppt isohaline or the 25 o; isopycnal. Subsurface gradients are 1.5°C and 1.0 ppt
per 10 km. There is a minimal surface signature. Tidal agitation over the relatively
long shallow sill at the seaward entrance to Goletas Channel produces the hybrid
tidally mixed fronts F5 and F6 at the western and eastern extremities, respectively,

14



Chapter 1: Hydrography
of the sill.

The major difference between sections 1 and 2 (Figure 6) is the presence of a
warmer, more buoyant surface layer in the SG during the latter part of the summer.
Differences in o; within the surface layer (< .5) were largely due to increased solar
radiation. Increased surface salinities within the central SG were not evident despite
significantly less freshwater input from the Fraser River during late summer. Royer
and Emery (1982) discuss the response of the Fraser River plurfxe to discharge of
the river itself and to wind and tidal forcing. Their results show that the northern
portion of the central SG is not as strongly influenced by the plume as the southern

portion. Observations made during this study support Royer and Emery’s (1982)

conclusions.

1.3.2: Queen Charlotte Sound

Data collected in QCSD was logistically limited to the area to the immediate
north of the northernmost tip of Vancouver Island. The general physical oceanogra-
phy is characterized by the outflow of surface waters and the inflow of dense Pacific
Ocean waters caused partially by continuity constraints and by the wind-induced
upwelling of deep waters in QCSD and offshore (Dodimead, 1980; Daniel, 1985).

Three along-channel sections {Figures 8-10) and two meridional section (Fig-
ures 11 and 12) were made during the CSS Vector and Parizeau cruises of 25-28
June 1985 and 3-6 September 1986 respectively. Locations for sections 4 and 5 are
shown in Figure 7.

Sections 3 and 4 (Figures 8 and 9), from the western entrance of JS through
Blackney Pass or Weynton Passage and into QCST and the open waters of QCSD

15
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Figure 6 . Vertical section of o, for section 2. Stations extend from central SG to
QCST and were occupied during the period 26-27 August 1985, Station locations
are shown in Figure 3. Contouring interval is 0.5 o;.
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Qcsp BC Malinland

Vancouver lsland

Figure 7 . Cruise track of the research vessel CSS Parizeau (sections 4 and 5: 3
September 1986). Station locations are superimposed over their respective tracks.
Section numbers are shown adjacent to their respective tracks.
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Chapter 1: Hydrography
show the subsurface tidally mixed fronts (F3 and F7), in Blackney Pass and Weyn-
ton Passage respectively, and the progressively more saline water column as the
section progresses seaward. Subsurface gradients are slightly greater than 1.5°C
and 0.8 ppt per 10 km at 100 m {F3) and 1.0°C and 0.5 ppt per 10 km at 100 m
(F7). A weaker front (F4), delineated by the surfacing of the 24.5 o, isopvcnal,
separating the greater degree of stratification in QCSD from that of the weaker
stratified waters of QCST is apparent in both sections in the region north of Hope
and Nigel Islands. Surface gradients associated with F4 are slightly greater than
1.0°C and .3 ppt per 10 km. Section 3 (26 June 1985) has a cooler (1°C) less saline
(1 ppt) surface layer in QCSD than section 4 (3 September 1986). Surface layer
variability in sections 3 and 4 (Figures 8 and 9) is caused by increased solar heating

and much reduced freshwater input.

Section 5 (Figure 10), from QCSD to QCST via Goletas Channel, shows the
strong tidally mixed fronts (F5 and F6, fig 10) produced by tidal flow over Nahwitti
Bar (see Figure 1 for location). Gradients are 3.0°C and 1.0 ppt and 1.0°C and 1.0

ppt for F5 and F6 respectively.

The meridional sections 6 and 7, Figures 11 and 12, made in the open waters
of QCSD shows the Pacific Ocean waters outside of QCST. Most of the water
column deeper than 20 m is relatively cold (< 8.5°C) and saline (> 32.5 ppt). As
opposed to Figure 12 (section 7), subsurface isopycnals are clearly sloped down to

the north in Figure 11 (section 6).1 Southward sloping subsurface isopycnals on

t+ Given that the Rossby internal deformation radius is less than the channel
width, sloping isopycnals may, but are not necesssarily indicative of rotational effects
(LeBlond and Mysak, 1982). The applicability of simple geostrophy to these data

18
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Figure 9 . Vertical section of o, for section 4. Stations locations (shown in Figure
4) extend from western JS to QCSD and were occupied during 3 September 1986.
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Chapter 1: Hydrography
the Vancouver Island side of Figure 12 (section 7) indicate a relatively strong influx
of cold (< 8°C), saline (> 33 ppt) Pacific Ocean water into QCST via Goletas
Channel. The weakening of the residual seaward flowing current velocities in the
upper layer, as evidenced by the change in the across-channel slopes of subsurface
isopycnals in Figures 11 and 12, is largely due to decreased freshwater input during
summer months. The influx of cold, saline Pacific Ocean water at depth during
the summer is mainly due to increased wind-induced upwelling in QCSD (Pickard,

1975; Thomson, 1981)

1.3.3: Queen Charlotte Strait

Data from five across-channel sections, three along-channel sections and a set
of three 24-hour statioﬁs were collected during the early and late summer of 1985
and the late spring and summer of 1986. The across-channel sections conducted
in the northern, central and southern regions of QCST (26 June 1985, 27 August
1985 and 3 September 1986) were made to determine the across-channel structure
of QCST. Two along-channel sections through Weynton Passage (29 May 1986 and
4 September 1986) were made to observe the intrannual variability of the subsurface
tidally mixed front (F7) in this region. A single section through Broughton Passage
(26 June 1985) was conducted to observe the tidal mixing that occurs over the
shallow sill (< 50 m) separating QCST from western JS and the resultant tidally
mixed front (F8). Three 24-hour stations were occupied during 28-29 August 1985
to observe the strength of the tidal signal within Weynton Passage.

The across and along-channel structures of QCST are similar in that there is
generally weak vertical stratification and significant seasonal variability. Section 9

22
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Chapter 1: Hydrography
(Figure 13) made during 29 May 1986 contrasts with Section 10 (Figure 14) made
during 4 September 1986. Data from section 9 show colder surface waters (< 9.0°C)
in the upper buoyancy layer owing to relatively weak solar insolation in early sum-
mer. Increased freshwater run-off accounts for decreased surface salinities (< 30.5
ppt) in Section 9 as compared to Section 10. Additionally, the tidally mixed front
(F7) associated with the intrusion of waters of Pacific Ocean origin into JS in Sec-
tion 9 (Figure 13) shows a significant surface signature in sharp contrast to the same
feature in Section 10 (Figure 14). Surface gradients in Section 9 associated with F7
are .4°C and .8 ppt per 10 km; subsurface gradients are .2°C and .8 ppt per 10 km
at 100 m. The upper limit of the dense intruding waters is denoted by the 7.9°C
isotherm, the 31.3 ppt isohaline or the 24.3 o, isopycnal (Figure 13). Subsurface
gradients for this same feature (F7) in Section 9 are 1.0°C and .4 ppt per 10 km at
100 m. Section 8 (Figure 15), conducted on 26 June 1985 form JS to QCST , clearly
shows the presence at depth of cold, saline waters originating in the Pacific. Tidal
mixing over the shallow sill in Broughton Passage results in the formation of the
tidally mixed front F8 and the production of relatively dense (o; > 25.0) water that
eventually spills into the deep trough in western JS (Figure 15). In fact, seasonal
changes in water properties in both the upper and lower layers are communicated
to varying depths via this mechanism (LeBlond, 1983). It should be noted that the
horizontal extent of the sill significantly affects the manner in which tidal energy is
propagated into the basin beyond the sill itself (Farmer and Freeland, 1983). Sills
in Weynton Passage and Blackney Pass play significantly different dynamical roles
- in redistributing tidal energies. During summer, when lower layer salinities are at

a maximum (Thomson, 1981), the negatively buoyant plume produced by tidal agi-
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tation may penetrate the complete water column, enhancing vertical structure and -

abyssal dissolved Os,.

The along-channel two layer, weakly stratified structure of QCST was ob-
served to vary seasonally as was the acrosé—channe] structure. The depth of this
layer is fairly uniform along-channel due to tidal mixing in the north over shoals
and through narrow channels in the south. Along-channel variations in the depth
of the buoyancy layer may be caused by entrainment of dense, off-shore waters,
especially in summer when wind-induced upwelling is at a seasonal maximum. This
effect, however, was not obvious in the sections obtained during the summer months
and is likely obscured by the tidal mixing in the north and the south extremeties
of QCST. As expected, the across-channel structure is stongly affected by varying

freshwater input albeit freshwater sources are significantly less in QCST than in the

SG.

A transverse section made in northern QCST during 26 June 1985 shows slop-
ing subsurface isopycnals throughm.xt most of the water column (section 11, Figure
16). These slopes are indicative of a relatively strong seaward flow in the upper
layer. In sharp contrast to this section is section 12, obtained on virtually the same
transect during 3 September 1986, which shows a nearly uniform across-channel
structure. Surface temperatures and salinities are > 11°C and < 30.5 ppt. re-
spectively. Cold (7.0°C) and saline (33.0 ppt) Pacific Ocean water is present in
the deep basin near the Vancouver Island coast. Figure 17 shows the isopychals
gently sloping down to the north on the mainland side of the channel indicating a
weak geostrophic flow to the NW at section 12. In addition, isopycnals (> 25.5)
slope down to the south on the Vancouver Island side of the chahnel indicating a
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Chapter 1: Hydrography
weak geostrophic flow into QCST. Section 13 (Figure 18) reveals the across channel
structure of central QCST. There is somewhat less vertical stratification present in
the central strait than in the northern portions. There is a broad thermocline and
halocline and cold (< 8.5°C) and saline (> 32.5 ppt) Pacific Ocean water is present
in the deep portion of the basin. Surface temperatures and salinities are approxi-
mately 9.5°C and 31.5 ppt respectively. Thel isopycnals slope down to the north,
indicative of a geostrophic flow out of QCST to the northwest. Similar transverse
sections of the southern entrance to QCST, made during 26 June 1985 (section 14,
Figure 19) and 3 September 1986 (section 15, Figure 20) sﬁow little difference in
temperature, salinity or o; values. There is, however, less slope to the subsurface
isopycnals in section 15 (September 1986) due to much reduced freshwater input
during the summer months. Consequently, the upper layer estuarine flow out of
QCST to the northwest (seaward) diminishes. Table 6 presents geostrophic calcu-

lations based on a simple two layer model as well as summarizing the transverse

sections made in QCST.

Stations north of Malcolm Island (Station WI), in Weynton Passage (Station
WP) and off of Blinkhorn Light (Station BL) were sampled recursively during the

period 28-29 August 1985. Table 3 provides details on this set of 24-hour stations.

The location of Station WP and the times of higher-high water (HHW) and
lower-low water (LLW) during the period when this station was occupied are shown

in Figure 21.

Data obtained from Station MI (north of Weynton Passage) shows highly cor-
related vertical excursions of isotherms, isohalines and isopycnals of approximately
20 m below 15 m indicating the intrusion of cold (< 9.0°C), saline (> 32.0 ppt) rel-
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Chapter 1: Hydrography

Table 3
Details of the set of 24-hour stations that were conducted in the vicinity of Weynton
Passage. The summarized data includes station location, the number of CTD casts,

the spacing—in hours-between the casts and the CTD cast numbers. Note that the
CTD cast numbers are not sequential.

Station location No. of CTD’s CTD spacing CTD cast no.’s
Malcolm Island 12 2 hr 010056-989
(Station MI)

Weynton Passage 12 2 hr 010057-090
(Station WP)

Blinkhorn Light 12 2 hr 010058-091

(Station BL)

atively dense (> 25.0 04) water into Weynton Passage. At Station WP in Weynton
Passage itself, this same water mass is seen to advance and retreat with the flood
and ebb tide. Figure 21 shows the core of this dense tongue of water (> 25.5 ;) to
completely appear and disappear indicating the strength and variability of the tidal
forcing. The strength of the tidal signal, that is to say the volume of water entering
JS, is evidenced by the depression of the 9.0°C isotherm by approximately 100 m
at Station BL, located to the south and east of Weynton Passage. The surface
waters at Station BL, delineated by the 9.5°C, the 32.5 ppt isohaline or the 24.0 o}
isopycnal remained relatively undisturbed during the one tidal cycle observed. The
depression of the isopleths is also evidence of the rapid sinking of the negatively

buoyant plume debouching into JS from Weynton Passage.

The net result of these tidal motions is the formation of strong subsurface hy-
brid tidally mixed front (F7, Figures 8, 13 and 14) and a negatively buoyant plume.
The plume is pulsed over the sill in Weynton Pass and flows down-slope into the
deep basin in western JS. Thomson (1981) describes current measurements made in
the deep portion of western JS that indicate dense waters forméd and forced into JS
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Chapter 1: Hydrography
through Weynton Pass result in a strong bottom jet that sweeps up-channel (east-
ward) at maximum velocities in excess of 150 cm/s. Similar deep water formation
occurs through Blackney Passage and to a lesser extent, Broughton Passage where
the horizontal exent of the sill serves to appreciably alter the dynamics (Geyer and

Cannon, 1982; Farmer and Freeland, 1983).

-1.3.4: Strait of Georgia

During the 25-27 June 1985 and the 23-26 June 1986 crﬁises of the CSS
Vector and the 3-5 September cruise of the CSS Parizeau, eight along-channel and
five across-channel sections and four 24-hour stations were conducted within the
central and northern portion of the SG. Particular attention was paid to the hybrid
tidal mixing front (F1) observed in sections 1 and 2, (Figures 5 and 6). Locations
for sections 16-19 are shown in Figure 22.

Section 16, taken along-channel from central SG to just south of Cape Mudge
(see Figure 22 for section and station location), shows the early summer vertical
structure of the SG. Surface temperatures observed were in excess of 16°C in the
south decreasing to less than 12°C in the north while surface salinities increased
from < 16 ppt in the south to > 26 ppt in the north. There is no surface mixed
layer owing to weak and variable winds during summer and a brackish, buoyant
layer bounded by the 20 o; isopycnal (Figure 23) caused by solar heating and run-
off. In contrast to section 2, Figure 6, early summer conditions in the central SG
show a pronounced decrease in surface salinities (16 ppt as compared to 28.5 ppt)
and similar surface temperatures of ~ 15°C.

Section 17 (Figure 24), taken on 4 September 1986 from Active pass to Sabine
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/
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Figure 22 . Cruise tracks of the research vessels CSS Vector (section 16: 23-24 June
1986 and section 18: 27-28 Jun. 1985) and CSS Parizeau (sections 17, 19 and 22:
5-6 September 1986) Station locations are superimposed over their respective tracks.

Section numbers are shown adjacent to their respective tracks.
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Chapter 1: Hydrography
Channel, again contrasts section 16 and may also be compared to section 2, con- -
ducted approximately one year earlier. In Section 17, a warm brackish buoyancy
layer, bounded by the 22.5 ¢, isopycnal near 25 m is present (Figure 24). Sur-
face temperatures of 16 — 18°C are generally 2 — 3°C greater in September 1986 as
compared to June 85, but surface salinities are 1.0-1.5 ppt less. In contrast to the
early summer conditions (Section 16, Figure 23) of the same year, Section 17 shows
a much warmer, much more saline and less buoyant surface layer. The southern
SG is more strongly stratified, in terms of salinity and density structure, in early
summer due to increased run-off from the Fraser River. Temperature stratification
increases as increased solar heating, reduced cloud cover and weak wind-induced
mixing combine to heat the surface layer as summer wears on. However, in temper-
ate regions, density is much more strongly influenced by changes in salinity than
changes in temperature. Thus the density stratification decreases, despite increased

surface layer temperatures, due to the increased surface layer salinities.

Sections 18 and 19 (Figures 25 and 26), conducted during 27-28 June 1985
and 4 September 1986, clearly show the effects of variable fresh-water input and
heating. In general, waters in Malaspina Strait are very simil#r in vertical structure
to those in the central portion of the SG. However, residence times of brackish
waters originating in Howe Sound and near the mouth of the Fraser River that
are advected into Malaspina Strait are prolonged by generally weak, variable tidal
currents and winds. Hence, the effects of surface heating and dilution are magnified
in Malaspina Strait. In early summer, surface T and S ranged from 10-16.5°C and

the surface buoyancy layer was bounded by the 22.5 o; isopycnal at 20 m.

Section 19 (Figure 26), conducted during 4 September 1986, shows a simi-
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Chapter 1: Hydrography
larily stratified water column to that of Figure 25. There is a strong buoyancy
layer in both sections and a marked decrease in surfacce salinites. Surface layer
temperatures and salinities of 10-15.5°C and 29-28 ppt bounded at 20 m by the
‘22.5 o+ isopycnal were observed. There is no surface mixed layer. A general trend
to warmer (16°C) and less saline (27 ppt) waters towards the southern entrance
to Malaspina Strait is evidence in both sections of the presence of brackish waters
originating in the central portions of the SG. The strength of the tidal signal near
the southern entrance to Malaspina Strait may be examined by considering two
CTD casts made at different times at the same location. Figure 27 shows surface
layer T and S to be 12.8°C and 27 ppt respectively one hour into a strong ebb after
a weak flood. Data from the same location but collected at the end of a relatively

strong flood, shows surface layer T and S to be 16.8°C and 23 ppt.

Three sections were made along the axis of the tidal jet exiting DP in the
vicinity of Cape Mudge in the northern SG. Sections 20 and 21 (Figures 28 and
29) were made during 27 June 1985 on the flood and ebb respectively; section 22
(Figure 30) was made during 4 September 1986 on the ebb tide (the location for this
section is shown in Figure 22). The surface hybrid tidally mixed front is strongest
on the flood with surface gradients of 12.5°C, 3.3 ppt and 1.5 0; units per 10 km
(Figure 28).

Section 21 shows surface layer temperatures to increase southward from 10.0—
16.4°C and surface layer salinities to decrease southward from 29.5-28.0 ppt. During
flood tides, waters at the entrance to DP may be expected to be vertically homo-
geneous. Section 21, conducted on 27 June 1985 during an ebb tide, shows surface
gradients of 1.4°C, 1.2 ppt and 0.5 o; units per 10 km (Figure 29) and surface T(S)
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Chapter 1: Hydrography
increase(decrease) southward from 10.0-12.5°C(29.5-28.0 ppt). Section 22, con-
ducted on 4 September 1986 during an ebb tide shows a marked increase(decrease)
in surface T(S) from < 10.5°C(> 28.5 ppt) at the entrance to DP to > 16°C(< 27
ppt) off Cape Lazo. Surface gradients are of the order 2.5°C, 1.0 ppt and 1.0 o;

units per 10 km (Figure 30).

During ebb tides, the surface T and S gradients are significantly weaker as
the buoyancy layer is pulled back into the SG and DP by the southward and north-
ward retreating tides respectively (LeBlond, 1983). Hence, the ebb tides lead to a
rarifaction of isopleths and, consequently, weaker horizontal gradients. Considering
" the 22.5 0, isopycnal to be the leading edge of the buoyancy layer, Figures 28 and

29 show the surface front to be 7 km closer to DP on the flood than on the ebb.

Section 23 (27 June 1985) from Cape Lazo to Cape Sutil is roughly perpen-
dicular to the horizontal gradients in the northern SG. Thus, there are no apparent

horizontal gradients (Figure 31).

Five across-channel sections were obtained to help specify the across-channel
structure of the majority of the SG. Sections 24-28 (Figures 32-36) reveal the
cross channel structure of the entire SG to be similar: there is a relatively shallow,
strong buoyancy layer on the surface with no surface mixed layer and very sharp, co-
incidental thermo-, halo- and pycnoclines. The bottom boundary of this layer, taken
as the depth of the 22 0, isopycnal increases southward from < 15 m in the north and
central SG to approximately 20 m in the south. In the extreme northern portion of
the SG, section 24 (27 June 1985, Figure 32) shows the influence of the dense well-
mixed water tidally pumped into the SG. Surface T(S) increases(decreases) eastward
from 10.0-13.0°C(29.5-28.9 ppt). Figure 32 shows the subsurface isopycnals to slope
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Chapter 1: Hydrography
steeply down to the north signifying a strong residual flow out of the SG in the upper
layer. Section 25 (4 September 1986, Figure 33) is very simi]ar to section‘24 made
one year earlier during early summer. Surface temperatures increase and surface
salinities decrease westward (< 11.5 — 13.5°C and 28.5 — 27.5 ppt). Decreased
across-channel subsurface isopycnal slopes are evidence of a weaker residual outflow

in Figure 33 (September 1986) than in Figure 32 (June 1985).

In the central SG, Section 26 and 27 (27 June 1985, Figure 34, and 4 September
1986, Figure 35) are essentially the same. Temperature data from sections 26 and
27 (Thomson et al., 1985; terHart, 1988) both show generally warm water in the
western portion of the section. The presence of this water is likely due to the summer
warming of the shallow waters contained in Comox Bay and on the banks off Cape
Lazo and the subséquent tidal flushing of these waters into the SG. Temperatures
decrease eastwards from approximately 17°C in the west to 14°C in the east. Surface
salinities similarily increase eastwards from < 27 ppt to > 28 ppt. Section 26
(Figure 34) does show surface o, values to be < 19.0) near the mainland. Again,
this is due to run-off maxima in early summer. A surface estuarine front exists
where the buoyancy layer formed in Malaspina Strait meets the surface waters of
the SG proper (F9: Figure 34). The surface salinity gradient associate>d with this
feature is 1.9 ppt per 10 km. There is a minimal surface temperature gradient.
In Figure 34 there is an‘obvious sloping of the subsurface 'isopycnals down to the
north indicative of a geostrophic flow out of the channel to the northwest. The
downward northerly sloping isopycnals are not evident in Figure 35 (section 27).
Once again, a decrease across-channel isopycnal slopes are likely caused by reduced
run-off during late summer. Both sections, however, display a broadening of the
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Q.O—IO.OOC isotherm and 29.5-30.0 ppt isohaline on the western (Vancouver Island)
side of the transect. This feature is the result of the southern subsurface movement
of a cold, saline negatively buoyant created by tidal mixing in DP. Figure 34 shows
the deep isopycnals sloping down to the west on the island side of the SG indicating

a deep geostrophic flow into the SG. This feature is not observed in section 27.

Surface temperatures in the south (section 28) are approximately > 15°C and
fairly uniform across the Strait. Surface salinities, however, are directly affected
by freshwater input from the Fraser River and they decrease from 20.5 ppt near
the eastern shore to 25.5 ppt near the western shore. However, the depth of the
buoyancy layer, bounded by the 22.5 o, isopycnal, is uniform across the channel

(Figure 36) despite the significant across-channel variations in the upper layer itself.

The set of four 24-hour stations conducted in the vicinity of Cape Mudge
Shoals (Figure 2) depicts the strength and horizontal variability of the tidal jet

exiting Discovery Passage. Table 4 provides the details on this set of 24-hour sta-

tions.

Table 4

Details of the set of 24-hour stations that were conducted in the vicintity of Cape
Mudge Shoals. The summarized data includes station location, the number of CTD
casts, the spacing—in hours-between the casts and the CTD cast numbers. Note
that the CTD cast numbers are not sequential.

Station location No. of CTD’s CTD spacing CTD cast no.’s
Discovery Passage 13 2 hr 100101-113
(Station DP)

Willow Point 25 1hr 100201-225
(Station WPT)

Oyster Bay 13 2 hr 100301-313
(Station OB)

Cape Mudge Shoals 12 2 hr 100401-412

(Station CMS)
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Station DP (Figure 37), occupied at the extreme southern entrance to DP
clearly shows the vertically well-mixed waters produced by tidal flows through Sey-
mour Narrows being pumped past the station location as the tide floods_and ebbs
(Figure 37).. Of further interesi is the presence of cold (8.5°C), saline (30 ppt),
dense (23.5 0;) waters underlying a warm (13.5°C), brackish (25.5 ppt) buoyancy
layer (< 19.0 0;) between the periods when homogeneous water occupies the station
site. These observations indicate a cold, saline negatively buoyant plume of water of
intermediate density debouching into the SG on the flood tide. These dense waters
flowing into the SG represent the formation of a density current that may play a
significant role in the formation of intermediate and deep water in the northern SG
(Waldichuck, 1957; Thomson, 1981; LeBlond, 1983). These same features were in
data collected during the same 24-hour period at Station WPT (CTD 100201-225),
Jjust offshore of Willow Point and further south, at Station OB (CTD 100301-313).
The negatively buoyant plume is obvious, but becomes slightly warmer (9°C as (;p—
‘posed to 8.5°C) and less saline (29.5 ppt as opposed to’ 30.0 ppt) due to entrainment
of upper layer fluid and mixing. It is interesting to note that the appearance of the

most dense bottom water occurs when surface stratification is strongest (Figure 37).

It appears, then, that there was a tidally modulated inflow of this negatively
buoyant plume over this one tidal period and that the greatest propagation speed of
the gravity current thus formed (Benjamin, 1968) will occursduring the minimum in
tidal flow. Geyer and Cannon (1982) report a similar result for a gravity current in
Puget Sound where “the nature of tidal forcing is curious in that the low frequency
circulation is maximized during minimum tidal flow.”. These conclusions were at
least partially substantiated by conductivity-temperature-depth-velocity (CTDV)
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Chapter 1: Hydrography
data collected during 26 Nov 1986. Ebb/flood current velocities (directed parallel
to the Vancouver Island shore) were obtained from several CTDV casts stationed
axially in the jet. The flood currents were clearly not uniform in direq_tion with
depth and generally showed an inflow at depth during all phases of the t1:1e These
(unpublished) data at least qualitatively support the existence of a density current
emanating from DP. Observations at Station CMS (CTD 100401-412) off Cape
Mudge Shoals, are in marked contrast to those for Stations DP, WPT and OP.
There is an advance and retreat of the dense bottom waters, but relatively little
tidal movement in the upper layer with the exception of the period during the

12 — 15%% hours corresponding to the change from lower-low water to higher-high

water. The negatively buoyant plume is found below 20 m at all four stations.

1.4: T-S Characteristics

Constructing T-S diagrams has proven to be an invaluable aid in identifying
source water masses and mixing ratios (Neumann and Pierson, 1966; Tolmazin,
1985). Although variability in the upper layers of the ocean due to direct atmo-
spheric forcing makes identification of a surface layer water mass difficult, T-S curves
for all CTD data obtained enabled an envelope of possible surface layer T-S curves
to be determined. A reasonable average from within these envelopes was selected
and considered as the surface water mass for SG surface (SGsic), JS surface (JSstc)
and QCST surface (QCST,.) waters.

The T-S curves clearly show the two layer structure of the entire inside pas-
sage. Salient features of the physical oceanography are also easily identified. Surface
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water becomes progressively colder and more saline seaward; deep lower layer wa-
ters become warmer and less saline as they progress up-channel. In addition, the
penetration at depth of oceanic waters into the SG is evidence of the major impact
continental shelf processes can have on the general estuarine circulation and the
ventilation of deep waters throughout the study area (Pickard, 1975; Geyer and
Cannon, 1982; Farmer and Freeland, 1983). Differences in the T-S characteristics
and two layer structure between the two years were negligible (Figure 38).

Mixing ratios were estimated for the waters of DP, JS and QCST. These esti-
mates are shown in Table 5 as well as T-S characteristics of the source water masses

for each area. Mixing ratio estimates were calculated by solving three simultaneous

algebraic equations given as:

I=m+72+17s
Ty =Ty + 72T2 + 7373
Sy = 7151 + 7252 + 1353
where T,, and S, represent the T-S characteristics of a particular water mass, and
71,2,3, T1,2,3 and S; 73 represent, respectively, the mixing ratios and T-S charac-
teristics associated with the three source water masses. Errors in 7, 2 3 are approx-

imately +10% and arise due to ambiguities in the choices of T and S for specific

water masses.

1.5: Rotational Effects

Sloping subsurface isopycnals were a feature of many of the across -channel

sections made in both years (Figures 12 and 13, 17-21 and 32-36). When this
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Table 5

Parameters and results of the T-S analysis made in §1.5. Summary includes the
water mass, source water masses (subscripts ‘sfc’ and ‘dp’ refer to surface and deep
layers respectively), T-S properties of the source water masses and the derived

mixing co-efficients. Mixing co-efficients are approximately +10%. =
Year Water Mass Source Water T-S properties Mixing ratios
°C/ppt Masses °C/ppt %
1985 DP SGste 10.5/29.2 56
9.8/29.8 SGap 8.6/30.2 23
JSste 9.0/31.0 21
JSate DP 9.8/29.8 41
9.0/31.0 QCSTste 8.8/31.55 49
QCSTq, 7.0/33.1 10
1986 DP SGste 11.5/29.0 62
10.4/29.6 SGap 8.5/30.5 34
JSste 9.4/31.4 4
ISqtc DP 10.4/29.6 42
9.4/31.4 QCSTs. 10.7/32.1 22
QCSTyp 7.4/33.1 36

phenomenon is present in space-varying (along-channel) two-dimensional data, such
as that presented here, it indicates the presence of three-dimensional processes.
Oceanic length and time scales associated with the residual circulation of the inside
passage imply that the three-dimensional characteristics of this circulation may be
partly associated with rotation. However, in narrow channels, three-dimensional
effects may arise due to channel curvature, lateral friction, turbulence, topography
or time-dependent effects (Young and Hay, 1987). For the implied motions to be
considered geostrophic, the fluid must be assumed to be invisced, time invariant

and hydrostatic.

The importance of rotation can be demonstrated by comparing the channel
width with the internal Rossby radius of deformation associated with the baroclinic
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modes of motion. Given the two layer structure of QCSD, QCST and the SG, the

internal Rossby radius, r2, for a two-layer system is (LeBlond and Mysak, 1978):

1/2 ) _
ry = 9! _HiHy =)
f? Hy+ H,

where g/, the reduced gravity is:

gl = g(m—;?p—l). (1.2)

- The subscripts 1 and 2 refer to the upper and lower layers respectively, H to the
layer depth and p to the layer density. Table 6 shows the calculated r, for all across-
channel sections. In all cases, the local channel width is greater than the local r; and
rotational eflects may be considered of some importance. However, it is dangerous
to conclude that the implied motions are strictly geostrophic! Nonetheless, when
rotation can be considered important, simple geostrophic calculations can give some,
albeit limited, insight into the implied motions.

Geostrophic shear in a two layer model is calculated as:

v=9. %40 (1.3)
S oy
where 0H, /3y is the across-channel slope of th.e interfacial isopycnal and the lower
layer bis considered at rest. Thus, (1.3) gives an estimate of the residual flow in the
surface layer if the assumption that lower layer velocities are negligible is reasonable.
Table 6 shows the calculated upper layer velocities, V', for across-channel sections
with identifiable sloping interfacial isopycnals.
Direct current measurements made within the study area are in reasonable
agreement with estimates of V from (1.3). A mooring in the vicinity of section

11 (Figure 17) gave mean currents at 15 m of 13 cm/s seaward (Thomson, 1976),
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Table 6
-Geostrophic shear calculations using a two layer model. Channel width (km), inter-
nal Rossby radius of deformation, r, (km), interfacial isopycnal (0t) and geostrophic

shear (¢m - s™!) are shown. Only those sections where subsurface JSopycnaIs were
obviously sloping across-channel were considered.

Section Channel ) Interfacial V (cm-s™1)
Width isopycnal

6 27.5% 5.7 24.5 18.7

7 16.0% 5.0 25.5 -18.5
11 17.0 4.2 24.5 12.6
12 17.0 5.5/84  24.5/25.5 14.2/-18.7
13 23.0 4.3 24.5 9.8

14 15.0 2.8 24.5 7.2

15 16.0 3.6 24.6 10.5
24 16.0 4.5 23.0 40.0
25 16.0 4.4 22.5 16.1
26 25.0 13.4 22.5 13.4

t This distance represents the length of the section itself as the
channel width of QCSD is in the order of hundreds of kms.

1t The width of the channel in this instance is given by the
distance separating the 60 m isobaths.

compared to 12.6 cm/s as per Table 6. Data from section 26 (Figure 34) yielded
surface currents of 13.4 cm/s compared to 10 cm/s obtained from drift bottles
(Waldichuck, 1957).

It should be noted that the net volume transport is very difficult to quantify
as it is subject to large errors (Thomson, 1977; Godin et al., 1981). The upper and
lower layer volume transports are neary equal and of opposite sign (LeBlond, 1983).
Thus, the net volume transport is small and of the order of the errors associated
with the measurements. Furthermore, the residual circulation is sensitive to me-
teorological conditions and shelf processes thereby introducing errors into residual
transport measurements (Frisch et al., 1981; Godin et al., 1981). Calculations of
geostrophic shear from single across-channel sections are, therefore, not expected
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to portray completely the residual circulation.

1.6: Summary s

Data collected during the cruises of the research vessels CSS Vector (26-29
August 1985, 29 May 1986 and 23-25 June 1986) and Parizeau (3 September 1986)
were used to compile a general hydrography of the waters lying between Vancouver
Island and BC’s mainland coast. This hydrography was in turn used in an analysis of
the return migration routes of adult homing sockeye salmon (Oncorhynchus nerka)
through these waters.

Positive estuarine circulation dominates the physical oceanography of this
region. Warm, relatively fresh water moves seaward on the surface and cold, saline
water intrudes at depth. This circulation was observed to be stronger in spring
and early summer, when fresh water input into the system was greater, than in
later summer. The four oceanographic regimes identified in Thomson et al. (1985)
and terHart (1988) remained distinct: the slightly stratified central and northern
portions of the SG resulting from a buoyancy layer composed of fresh water run-off
principally from the Fraser River, and to a much lesser extent from mainland inlets;
the vertically well-mixed waters of DP due to vigorous tidal agitation; the weakly
stratified waters of JS; and the less weakly stratified waters of QCST caused by
the presence of JS water on the surface and the intrusion of cold, saline Pacific
Ocean water at depth. These four regimes are separated by tidally mixed fronts
created by vigorous mixing of the entire water column by rapid tidal streams in the
shallow and constricted regions of Seymour Narrows, Blackney Pass and Weynton
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Passage. Similar fronts were f&md east and west of Nahwitti Bar. A surface front
separating the well mixed water of eastern JS from the weakly stratified water of
western JS was observed near Kelsey Bay. A surface estuarine front waiobserved
in northern QCST where the buoyancy layer exiting QCST meets the.;(;)welling
enhanced oceanic waters of QCSD. A similar estuarine front was found in the SG
where the buoyancy layer formed in Malaspina Strait and enhanced by restricted
lateral spreading debouches into the SG. A set of three 24-hour stations in the
§icinity of Weynton Passage and a set of four 24-hour stations in the vicinity of Cape
Mudge show the strength and tidal variability of the flows and mixing processes over
a diurnal tidal cycle. Dense water masses formed in these regions are seen to exude
into western JS and northern SG respectively during all phases of the tide. These
processes may play an important role in the formation and renewal of intermediate
and deep water in both basins. The most dense waters were present during minimal
tidal flows and the resultant density currents are expected to be strongest during
these periods. T-S diagrams clearly show the two layer structure of the entire
inside passage as well as the relative variability in the upper and lower layers. The
upper layer is clearly seen to become more saline seaward; similarily, bottom waters
become progressively fresher as they progress up-channel. Calculated mixing ratios

give rough estimates of the proportions of SG surface and deep water present in JS.
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CHAPTER 2

ULTRASONIC TRACKING:
HORIZONTAL AND VERTICAL DISTRIBUTIONS

e =

2.1: Introduction

The return migration of Pacific salmon (Oncorhynchus spp.) is a complex,
fascinating and much debated phenomenon. The return migration of adult sockeye
salmon, which may traverse distances as great as 6000 km (French et al., 1976)
and ends with remarkable spatial and temporal precision (Royce et al., 1968) in the
salmon’s natal stream, is a classic example of animal migration. Quite apart from
the acadefnic interest associated with this migration, the returning adult sockeye
have a tremendous worth as a commercial fishery. Knowing the sockeye’s return
migration mechanism and understanding its choice of routes is clearly of great value
to both the scientific commmunity and the commercial fishery.

The return migration itself may be though_t of in three phases: oceanic, coastal
or estuarine and riverine. Oceanic migration mechanisms are, as yet, undetermined.
Riverine migratory behaviour is generallly considered to be directed by olfactory
information learned years earlier in freshwater (Johnson and Hasler, 1980; Hasler
and Scholz, 1983). The mechanisms responsible for the estuarine phase of the
return migration must necessarily be a combination of both the oceanic and riverine
mechanisms as estuarine environments represent the interface between oceanic and
riverine environments. A persistent, unavoidable large scale change in the sockeye’s
immediate environment during the return migration must require a similar scale
change in guidance mechanisms. Moreover, the returning sockeye begin to undergo
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profound changes in morphology, physiology and behaviour that prepare them to .
enter freshwater and spawn. Given the changing oceanographic conditions and
the changing condition of the animal itself, it is not surprising that ’J&he coastal
phase of the return migration is poorly understood. To further complicate issues,
how migrating salmon integrate diverse orientation cues, such as celestial {Groot,
1965; Brannon, 1972) and magnetic (Quinn, 1980; Quinn and Brannon, 1982) is
not known. Nonetheless, as migratory cues abound in the salmon’s immediate
hydrographic environment (Tully et al., 1960; Royal and Tully, 1961; Favorite,
1961; Royce et al., 1968; Leggett, 1977; Mysak et al., 1982; Quinn, 1982; Groot and
Quinn, 1986), it is only natural to consider the horizontal and vertical movements
during migration to the hydrography.

To this end, oceanic temperatures (Mysak et al., 1982, IPFSC, 1984; Hamil-
ton, 1984; Burgner, 1980; Blackbourn, 1987; Groot and Quinn, 1987) and Fraser
River run-off (Favorite, 1961; Wickett, 1977) have been positively correlated with
sockeye return migration routes and timings. These correlations, in part, motivated
MOIST.

To study the factors guiding migrations in coastal waters, ultra-sonically
tagged sockeye were tracked with a directional hydrophone while the physical
oceanographic hydrography was specified by recording vertical T and S profiles.
Currents, which may significantly affect the fish’s horizontal and vertical distribu-
tion (Brett, 1983; Arnold and Cook, 1984; Dodson and Dohse, 1984), were measured
along the telemetred track by a Lagrangian drifter. The collection of these data
was intended to help illustrate the relationship between the migrating salmon’s

horizontal and vertical movement and distribution and its immediate environment.
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2.2: Data Collection and Processing

terHart et al. (1987) and terHart and Quinn (1989) provide compilations of
the complete data set for 1985 and 1986 respectively. A complete desctiption of
the capture and tagging of individual salmon as well as the logic behind the chosen
methods is provided in Quinn and terHart (1987). Thus, methodology will not be
discussed in detail here.

The ultrasonic tag and receiver/decoder unit were manufactured by Vemco,
Ltd., Nova Scotia. The transmitters were 74 mm x 16 mm, weighed 28 grams in
air (13 grams in water) and, for fish tracked in 1985, emitted pulses at one of five
frequencies (50, 60, 65.5, 69 or 76.8 khz). Interference with commercially available
depth sounders operating at a frequency of 50 khz resulted in only one transmitting
frequency (76.8 khz) being employed in 1986. The pulse rate was proportional to
depth and prior calibration to a depth of 50 m resulted in accuracies of =1 m.

The Melibe, an 11 m workboat, was used as the tracking vessel and as such,
utilized an externally mounted directional hydrophone (Vemco, Ltd.) that could
be swung into or out of position approximately 1 m below the water’s surface and
manually rotated through approximately 300°. The receiver/decoder was mounted
inside the cabin of the Melibe and provided a continuous digital readout of depth.
Fish depth was recorded manually every miﬁute, provided the unit was receiving,
and ship’s position, determined by a LORAN C (Raytheon, Ltd.) receiver, was
recorded manually every 5 minutes. The LORAN C unit was calibrated periodically
using radar fixes and local topographic features. The accuracy of the position
finding system was dependent on the location of the vessel and was generally found
" to be better in open water than in constricted channels. The range of the transmitter
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was such that the position of the tracking vessel closely approximated the position

of the fish.

The Nitinat Queen, a 12 m self-propelled steel barge, was the platform from

which the physical oceanographic measurements were made. The limited manuever-
ability and speed of this vessel, as well as logistic constraints, made this a somewhat
less than ideal choice. As a result, the physical oceanography was conducted aboard

the Keta, a 14 m converted purse seiner, during 1986.

The same physical oceanographic instrumentation used during the baseline
cruises was employed during the salmon tracking. CTD casts were made at 15-45
minute intervals along the fish’s track and extended from the surface to 60 m depth

or to within 10-15 m of the bottom if the depth was less than 60 m.

The CTD data were despiked and averaged over 1 m depth intervals. Sigma-
T (or) was calculated using the International Equation of State, 1980 (Pond and
Pickard, 1983). Header data consisting of fish number, consecutive CTD cast num-
ber, local time (PDT), date (day, month, year) and position (lat, long) were added
for each track. Data that were contaminated by an intermittent failure in the tem-

perature circuitry during 1985 were removed manually. This problem did not occur

during 1986.

Current measurements were made using surface drifters with passive window
blind drogues. Cross-sectional area of the drogues was approximately 6 m2. In
1985, these drogues were rigged at depths of 7.5 m and 30.0 m (measured from the
surface to the center of the drogue) and deployed or recovered from a 12 ft Zodiac
inflatable boat. As many as 4 drifters were deployed at a time and placed so that
the fish’s most likely track would pass through or at least near the current drifter.
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The initial distance separating drifters rigged at the same depth was approximately

.2~.5 nautical miles. Drifters were recovered when their position no longer approx-

imated the fish’s location or when the distance from the Nitinat Queen precluded

an accurate determination of position.

Radar was used to determine the position of the Nitinat Queen and conse-

quent]y, the current drifters. Thus, to determine a drifter’s position, the ship’s
position would be fixed by taking radar bearings and ranges from the local topog-
raphy and then a radar range and bearing would be determined from the ship to the
drogue. The position of the CTD stations were simply those of the ship. Accuracies
in the position of the ship were likely +50 ~4+100 m, depending on the distance from
the shore and the nature of the topography. Accuracies in the drogue’s position,
then would be of the order +50 -+200 m, depending on the distance from the ship

and the care taken to produce the fix.

In 1986, current drifters were rigged for a depth of 7.5 m and deployed in
arrays consisting of 3 drifters only. The drifters were deployed from and recovered
to the Keta . Drifter positions wefe established by positioning the ship alongside
the drifter and using the ship’s LORAN C (Raytheon, Ltd.) receiver. This resulted
in greater accuracies in the drifter positions as well as a savings in manpower and
increased safety margins during deployment and recovery. CTD station positions

were also determined by LORAN C in 1986.

The aerodynamic and hydrodynamic drag on the component parts of the
current drifter is negligible compared to that of the drogue (Buckley and Pond,
1976). Thus, the drogue can be said to be experiencing only the current at whatever
depth it has been rigged for and is integrating over. There was, therefore, no
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correction made to the data for the depth of the drogue.

2.3: Horizontal Movements

2.3.1: General Overview

An analysis of the tagged sockeye’s horizontal movements in relation to the
observed T, S and currents for the two years of tracking data is presented in Quinn
and terHart (1987) and Quinn et al. (1989). A brief overview only will be provided
here in order that the vertical and horizontal movements may be compared and
contrasted.

A total of 33 trackls were obtained during the summers of 1985 and 1986.
Twenty-eight sockeye were tracked with fully functioning ultrasonic tags for suffi-
cient time to characterize the fish’s vertical and horizontal distributions. CTD data
were not collected for 3 fish tracked in 1986 (8607t, 8608 and 8609) due to logistic
constraints. Table 7 (adapted from Quinn et al., 1989) summarizes the tracking
data for both years.

While correlations of sockeye migratory routes (Groot and Quinn, 1987; Xie
and Hsieh, 1989) and timing (Burgner, 1980; Blackbourn, 1987) with oceanographic
variables helped motivate MOIST, a relation between horizontal movement and dis-
tribution and T and/or S has, to date, proved very elusive. In general, horizontal
movements were extremely variable, far more so than the general patterns of ver-

tical movements, and were apparently controlled by different factors. It was clear,

1t The convention used throughout when referring to a particular fish track is
such that 8607 refers to the 7'} fish (07) tracked in 1986 (86). Thus, 8516 refers to
the 15" fish tracked in 1985 and so on.
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Table 7

Location, duration, direction, speed of movement and depth of travel of adult sock-
eye salmon tracked in 1985 and 1986. Net direction refers to the compass direction
from point of release to the point where the fish was abandoned, lost or recaptured.
Net distance travelled is determined in an analogous manner to that of net direction.

Track Region Duration Net Water Speedti Net Average Depth

(hours)  direction (km/h) distance (meters)
8503 JS - 14.83 101° 2.47 13.50 6.1
8504 QCST 9.45 63° 2.85 0.47 9.1
8505 JS 6.02 20° 2.00 2.47 8.6
8507 DP 3.57 136° 2.15 1.50 20.3
8508 DP 2.93 2° 2.66 1.99 19.9
8509 DP 12.33 212° 3.28 . 1.11 11.8
8510 DP 4.98 195° 1.38 4.43 11.7
8511 SG 7.83 299° 2.13 12.45 18.0
8512 SG 10.00 111° 1.31 1.20 : 21.3
8513 SG 2.93 125° 1.16 6.42 6.7
8514 SG 9.82 112° N.A. 13.16 11.3
8515 SG 7.02 110° 342 16.15 N.A.
8516 SG 12.50 108° 3.82 34.00 14.9
8517 SG 6.75 274° N.A. 7.76 N.A.
8601 QCST 21.38 294° 1.84 5.52 14.6
8602 QCST 9.33 127° 3.89 28.04 15.2
8603 QCST 10.00 303° 1.18 : 10.32 19.9
8604 QCST 6.50 145° 1.52 2.15 9.1
8605 QCST 6.00 277° 1.20 3.61 16.0
8606 QOCST 33.00 105° 2.43 43.24 7.5
8607" JS 8.00 111° N.A. 16.89 17.8
8608 QCST 18.00 125° N.A. 10.98 14.3
8609" JS 13.08 302° N.A. 10.83 13.2
8610 SG 13.07 113° 3.69 28.72 11.2
8611 SG 9.25 351° 1.15 5.87 17.8
8612 SG 7.50 128° 2.51 11.95 17.8
8613 SG 22.08 35° 1.78 12.45 19.5
8614 SG 26.05 126° 1.42 24.63 28.6
8615 SG 9.00 102° 2.64 12.57 16.7
8616 SG 8.33 354° 1.87 4.70 13.4

* Concurrent CTD data were not obtained for this track.

T Water speeds are estimated swimming speeds of the fish in the
water, derived from ground speeds and estimates of current speeds.

" 1 N.A. implies that data were not available.
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however, that the coastal phase of the homeward migration was less well oriented
than the oceanic phase (Quinn and terHart, 1987). The majority of tracked fish
did display a strong directional preference, either southeastward or northyvestwérd,
during some parts of the observed track. Exceptional fish displayed apparently ran-
dom orientation (8509) or almost no movement whatsoever {8612). It is noteworthy

that no sockeye made significant progress to the northeast or southwest.

Current data obtained in the vicinity of the telemetred track helped resolve a
highly significant, asymmetrical bimodal orientation (SE/NW) in the tracking data.
When the sockeye’s progress over the grouﬁd was considered the resultant of an

| advecting current and the derived fish’s speed and direction, it was shown that the
tracked sockeye maintained some directional preference and did not compensate for
current displacement. Similar current analysis also showed a weak but non-random

fish orientation with respect to the observed currents.

Biased bimodal orientation was evident when southeastward moving fish en-
countered topography that obstructed the fish’s path (8503, 8606, 8610). The ob-
struction tended to cause the sockeye to swim aimlessly in the near vicinity of
the obstruction, then reverse direction and eventually, by swinging around to the
north, resume a southeastward heading. Many fish caught and released near ob-
structions headed to the northwest immediately (8504, 8511, 8613). Biased bimodal
orientation has been documented for schools of sockeye smolts (Groot, 1965; 1972),
laboratory studies of juvenile sockeye (Groot, 1965; Quinn and Brannon, 1982),
Chum salmon (Oncorhynchus keta)(Quinn and Groot, 1984b) as well as many other

animals (e.g. reptiles: Landoth, 1973; birds: Bingman, 1981).

Analysis of the horizontal movements also showed that there was a much
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stronger southeastward bias in fish direction in the SG than in QCST, JS or DP.
Given the bimodal orientation of fish tracked in SG, QCST and JS, it is noteworthy
that the average speeds were faster in the homeward (southeastward) direction
than in the seaward (northwestward) direction. No significant difference in overall
average swimming speed was found in different oceanographic regimes.

In summary, it appeared that the increased stratification in the SG may have
aided orientation towards the Fraser River and that a general asymmetrical bimodal
orientation (southeastward/northwestward) in QCST, JS, and DP gave way to a
unimodal southeastward orientation in the SG. At some point, olfactory stimuli
and rheotactic responses characteristic of upriver migration (Johnson and Hasler,
1980) must supercede the mechanism responsible for the observed orientation in
these data. Although near surface waters, especially in the southern SG, contain
relatively large volumes of water originating from the Fraser River, no clear evidence

of this change in migratory mechanisms was observed.

2.4: Vertical Movements

2.4.1: General Overview

Vertical distribution of sockeye tagged in 1985 is discussed in Quinn and ter-
Hart (1987). A brief summary of vertical distribution for both the 1985 and 1986
tagging studies is presented in Quinn et al. (1989). Both studies deal quantita-
tively with the sockeye’s depth distribution but only qualitatively with the relation
between depth and T or S. In order for subsequent, more quantitative observations
of the sockeye’s depth distribution to be made with respect to the vertical oceano-
graphic structure, the results obtained in Quinn and terHart, (1987) and Quinn et

77



Chapter 2: Ultrasonic Tracking

al. (1989) must be introduced.

In comparison, patterns of vertical movement for 1985 and 1986 in all 4
oceanographic regimes were similar and much less complicated than the correspond-
ing horizontal patterns of movement. In general, many salmon dived abruptly im-
mediately upon release, stayed at considerable depths (30-60 m) for periods up to
80 minutes and then ascended to the surface. Of those sockeye that made deep
initial dives, subsequent vertical movement differed substantially and was easily
distinguishable from this initial dive. This type of initial vertical distribution was
observed more often in QCST, JS and DP than in the SG. Subsequent patterns of
vertical movement were characterized by long periods spent within a narrow range
of depths, interspersed with brief, shallow dives or ascents. Only a few sockeye

repeatedly dove and ascended and only one, 8511 did so continuously.

Diel patterns of movement were obtained for 5 fish tracked in 1986. Estimated
swimming speeds were generally slower during the night than during the day and
during certain night-time periods, the fish were apparently drifting (LORAN C
positions indicated that the tracking boat was moving but no propulsive power
was required to keep within range of the transmitter). In addition, diel patterns
of vertical distribution showed that during night-time periods, tracked fish were

observed at depths significantly closer to the surface than during day-time periods

(Quinn et al., 1989).

Qualitative observations suggested that orientation and depth distribution
.were related. A disoriented fish is defined as one that‘ did not make significant
progress homeward (in all cases assumed to be the Fraser River). Invariably, fre-
quent large amplitude vertical excursions were associated with disoriented horizon-
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tal movements. The term disoriented shall be used to refer to either poor horizontal
orientation or vertical distributions characterized by frequent large amplitude ex-
cursions. The term oriented shall be used to refer to fish that made significant
progress homeward during all or part of their track or to vertical distributions
characterized by infrequent small amplitude vertical excursions. Figure 39 (from

Quinn and terHart, 1987) clearly shows this difference in oriented versus disoriented

behaviour.

Sockeye tracking conducted in the vertically and horizontally well-mixed wa-
ters of DP was considered the experimental control. The absence of even weak
vertical structure leaves the fish with very limited choices of T or S and virtually
no choice of T or S gradient. The fish’s vertical distribution in this type of oceano-
graphic regime can therefore be considered independent of a preferred T or S or
gradient. Tracking observations in DP and eastern JS clearly showed a geheral

preference for near surface waters (Figure 40).

Sockeye tracked in the northern regime (QCST, JS and DP) spent significantly
more time within 10 m of the surface than did sockeye in the SG. Fish in the north
also displayed a greater tendency to dive not only immediately after release, but also
throughout the duration of the track. The fish in this region were rarely observed
at depths greater than 30 m and as the thermoclines and haloclines extended to
depths of 20-30 m (Figure 41), sockeye occupied depths in the vicinity of the largest

gradients in T and S.

The more complex T and S stratification in the SG seemed to elicit more
complex patterns of vertical distribution and movement. Minute by minute analysis
of the depth data revealed that sockeye tracked in the SG spent less time in the
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Vertical movements of 8316, tracked in Georgia Stroit near the Fraser River on August 22,1988
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Figure 39. Oriented and disoriented vertical movements for 8516. Depth is shown on the y-axis and
time on the x-axis.
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Figure 41 . Composite fish depth histogram and T and S profiles for 8503, 8504 and

8505. Tracks were conducted in the slightly stratified waters of QCST and western
JS.
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top 10 m of the water column than did their northern counterparts even though
the average depth of travel did not statistically differ. This result is explained by
the frequent deep dives and ascents made by sockeye tracked in the ngyth which
served to increase the average depths of several fish tracked for short periods of
time. Sockeye tracked in the SG tended to avoid the warmer, less saline (< 27 ppt)
near surface waters (Thomson et al.,1986) and preferred depths directly above or
below the maximum gradients. Although there was a general avoidance of near
surface waters, frequent, brief excursions (tens of minutes) were made into these
waters. The only fish that spent a significant portion of time in waters > 16°C did
so as part of a sequence of 28 dives and ascents. It should be noted that in this

case, salinities in the surface mixed layer were > 27 ppt.

In general, vertical profiles of T and S in the SG were characterized by thin
thermo /haloclines and relatively strong T and S gradients (Figure 42). There were
several exceptions, however, and the vertical distribution of sockeye tracked in these
exceptional regimes within the SG resembled the vertical distribution of sockeye
tracked in QCST and JS in that there was a relatively broad range of observed
depths that extended throughout the thermo- and haloclines. The overall results
generally supported Westerberg (1982; 1984) and Ichihara and Nakamura (1982)
who proposed that vertical distribution and movement was related to a well defined

T and S gradient.

The near surface orientation of sockeye tracked in 1985 in all oceanographic
regimes was not as evident in 1986. T and S structure was essentially similar for
both years and was not likely the cause for this difference (Figure 42). It has been
proposed (T.P. Quinn personal communication) that the genetic differences inherent
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in sockeye returning to different river systems may be responsible for the observed

-differences in depth of travel.

2.4.2: Ambient Oceanographic Variables

The remainder of this study will deal with those tracks for which concurrent
CTD data were obtained. Twenty-five of the 28 tracks considered by Quinn and
terHart (1987) and Quinn et al. (1989) meet this criteria (Table 7). In addition,
data from 8614, 8615 and 8616 were not considered. Hence, the remaining analysis
iis based on data from 22 separate fish tracks.

The following discussion briefly addresses the importance, possible use and
mechanism whereby the physical oceanographic structure may aid orientation by
homeward migrating sockeye. As such, it will also serve to motivate the remainder
of this analysis.

Orientation requires that the fish observe some directional quantity in its en-
vironment. The hydrography can provide directional cues through horizontal gra-
dients of scalar properties sensible to the fish. Some of the hydrographic dependent

orientation mechanisms that have been proposed are (Brannon, 1982):
i)  Optimization of physiological conditions;
ii) Population specific pheromones;
ili) Selective tidal-stream transport;
iv) Olfaction-mediated tidal rheotaxis; and

v) Olfaction at stratified depths.
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Figure 42 . Composite fish depth histogram and T and S profiles for fish tracked
in 1985 and 1986 ( (a) and (b) respectively) in QCST/JS and the SG. Dashed
lines represent *1 standard deviation. There were 3,175 (7,414) observations of fish

depth and 128(74) CTD casts in 1985(1986) .
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Chapter 2: Ultrasonic Tracking
Detailed, quantitave analysis of the relationship between T, S and D and the
tracked sockeye is necessary in order to determine how the hydrographic structure

affects orientation and, ultimately, migration.

The large horizontal scale and long time scale hydrographic features that are
of the same order of magnitude as the length and time scales of the complete return
migration cannot, of course, be directly sensed by the migrating sockeye. In fact,
the hydrographic near field of the fish is dominated by fine- and micro-structure
features that are at least an order of magnitude larger than the mean vertical gra-
dients, which are themselves at least an order magnitude of greater than the mean
horizontal gradients. In many cases, vertical profiles of hydrographic parameters,
such as T and S, contain ‘steps’: nearly homogeneous layers are separated by large
gradients (Muench et al., 1990). the distribution of other solutes, and in particu-
lar directional olfactants, are concomitant to that of temperature and/or salinity
(Westerberg, 1984). The magnitude of the solute gradient at a particular T or
S step need not necessarily be related to the magnitude of the T or S gradient.
Moreover, as solutes diffuse more slowly than heat, olfactant micro-structure can

be present after the temperature structure has diffused to homogeneity.

Vertical variability in the oéean’s upper layers is the result of a large number of
complex processes. Near surface irreversible fine- and micro-structure can be related
to atmospheric forcing, shear-induced turbulence and double-diffusive salt-fingering
and layering. Reversible fine- and micro-structure, associated with the modulation
of the density field by internal wave fields, is always present in an externally and /or

internally forced stratified fluid (LeBlond and Mysak, 1978).

A well known feature of the world’s oceans is the aspect ratio of hydrographic
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features; the horizontal extent of these features are >> than their vertical extent
(Gill, 1982). Gravity and stratification are resposible for greatly extending some
oceanographic phenomeon, such as specific water masses, in the horizontal and com-
pressing them in the vertical. Hence, surfaces of equal density and other properties
tend to be almost horizontal. In many cases, the thinness of these layers relative
to their horizontal extent is such that the vertical stratification can mirror the hor-
izontal distribution of hydrographic parameters. In particular, a single dive can

take a fish through hydrographic regimes corresponding to a basin-wide horizontal

distribution.

The spreading and diffusion of a passive tracer in the oceans is also strongly
affected by the presence of fine- and micro-structure features (Ewart and Bendiner,
1981). Tracer diﬁ"usioﬁ experiments show that a point source in a homogeneous
layer is initially spread by weak turbulence in the layer. Spreading within fine-
and micro-structure gradients above and below the homogeneous layer is by slow
vertical diffusion and shear dispersion. Filaments of the tracer trail down-shear
with intermittent turbulence leaking the tracér into other homogeneous regions.
A complex regime develops with several levels delineated by the tracer. The net
result is that the extent of the trailing filaments is much larger than the bulk of the
tracer. The analogous oceanic aspect ratio is preserved. The vertical distribution
of odour from a large-scale, diffuse and continuous source, like the Fraser River,
results in homogeneous layers that are filled with odour of differing concentrations.

The vertical distribution 1s concomitant with that of T and S.

Vertical current shear has been observed to be concentrated in the density
gradient layers (Woods, 1968; Simpson, 1975 ; Van Leer and Rooth, 1975) and
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therefore strongly affects fine- and micro-structure features present there. Any hor- .
~izontal variation in the layer will be stretched in the direction of the shear. This
- effect is integrated in time so that even a weak shear will have a noticeable effect in
elongating these structures in the down-stream direction. Similarily, vertical varia-
tions within the gradient layers will be tilted and elongated in the horizontal. Hence,

vertical gradients can become part of the horizontal fine- and micro-structure.

In estuarine oceanographic regimes, the residual estuarine circulation may in-
directly provide orientation cues. A homeward migrating salmon could orient to the
river mouth by swimming aainst the shear as mirrored in fine- and micro-structure
gradient layers. The detection of these structures could be by olfaction or by di-
rectly sensing the temperature field. However, it is not clear how the sign of the
shear, or more directly, the T, S or odour source, can be determined. In a two-
layer estuarine model, which is appropriate for most of the southern inside passage,
the thermo- and haloclines as well as the greatest shear in the residual circulation
are co-incident. Hence, fine- and fnicro—structure features within the thermocline
should have a good correlation to the direction of the source. In addition, the
buoyancy layer in the SG contains a greater percentage of Fraser River water by
vvolume than other surface layers within the study area. Thus, the concentration of
home stream odors is enhanced in conjunction with increased stratification; orienta-
‘tion by olfaction or T sensing in shear modulated fine- and micro-structure may be
more easily observed in this regime than others. In addition, the differing oceano-
graphic regimes within the southern inside passage may ellicit different orientation
mechanisms. In this way, the role of the general oceanography on orientation and
migration may be determined.
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During the tracking itself and the subsequent qualitative analysis, the depth

time series of the fish appeared periodic in nature (Figure 43). Observations of fish
depth at 1 min. intervals for periods up to 33 hours provided detailed time series
of depth and these data suggested an underlying periodicity to the fish’s vertical
movements regardless of the T or S structure. Therefore, I undertook to quantify
this apparent pattern and to use that information to help determine if the fish sought
or avoided a particular value of T or S or a particular gradient of T or S. The premise
was that knowing the fish’s inherent depth distribution independent of the vertical
structure in the water column and that this distribution would be manifested in
other oéeanographic regimes, one could filter the two depth distributions and be
left with the fish’s preferred choice of T or S or their gradients. Bull (1936) and
Bardach and Bjérklund (1957) found conditioned responses in fishes to T changes as
little as .03—.05°C. Westerberg (1982; 19}84) gave evidence supporting the hypothesis
that Atlantic salmon were orienting to microstructure T gradienté. Thus, it is not
considered unreasonable that fish tracked in this stu'dy were sensitive and would

react to small changes in T and S.

The vertical and horizontal homogeneity of the water masses in DP and east-
:ern JS provided depth time series data independent of relatively large variations in
T and S. Thus, any depth preference would be most obvious in these oceanographic
regimes. Fourier analysis might resolve the frequency components in the JS and DP
depth data and therefore provide an appropriate filter to determine if a relationship

between the fish and T or S existed.

To this end, the CTD data obtained during the fish tracking program was
-combined with the fish depth time series data to produce an “ambient” oceano-
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Figure 43 . Depth time series AOV data for 8512 tracked in the SG near the
northern tip of Texada Island. The dashed line represents the least-squares estimate
of the linear trend.
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graphic variable (AOV) dataset. It is considered “ambient” in the sense that the
time series produced is a mathematical representation of the T and S that the fish
actually experienced at any specific time during the track (Thomson et al., 1986).

The AOV’s were determined by a simple algorithm that assumes that:
oT 95 9T 9T 05 0s
YA VA 8X’9Y’ 38X’ Y’

This is to say that the vertical gradients of T and S are much greater than

(2.1)

the horizontal slopes of the isotherms or isohalines. This is considered a reasonable

assumption as:

oT
— =~ O(4. “2)°Cc.m™!
37 (4.0 x107%) °C-m™",

ar ar
0X’9Y
as

— ~ 0(2.0 x 10™2 t-m!
37 ( ) ppt-m~ ",

as as
X’ 8y
This assumption breaks down in two regions of concern. Firstly, in the vicin-

~ O0(5.0x107%) °C-m™!,

~ 0(2.5 x 107°) ppt - m™".

ity of strong hybrid tidally mixed fronts, like those observed at Cape Mudge in
the Strait of Georgia, and Blackney and Weynton Passages in Johnstone Strait,
the horizontal and vertical gradients may well be of the same order of magnitude.
However, no successful tracks were completed in the vicinity of these features and
there is therefore no AOV data computed for these regions. Secondly, the water
masses present in Discovery Passage and eastern Johnstone Strait were vertically
and horizontally very well-mixed and observations showed that the vertical and
horizontal gradients, though weak, were of the same order of magnitude. Although
the assumption (2.1) breaks down, this poses no problem insofar as the analysis is
concerned as T and S are very nearly constant in both the vertical and horizontal
directions and the salmon therefore has but one choice of T and/or S.
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Ambient T(S) was calculated by linearly interpolating the T(S) provided by
the CTD casts immediately before and after observation of fish depth at a given

time. The ambient depth is simply the observed depth of the fish.

Thomson et al. (1986) provides a sampling of AOV data products for fish
‘tracked during 1985. The work presented in this manuscript is a graphical repre-
sentation of the frequency distributions and correlations of the AOV’s. Other than
stating that the fish tended to avoid water with salinities < 27 ppt, no attempt was

made by the authors to interpret their results.

In order to determine the possible existence of a preferred T or S, the ex-
tremely strong cross-correlation between depth (D), T and S in the AOV data due
to purely physical constraints must be considered. Figure 44 shows the coherence
and phase for T and S. The strength of this and other cross-correlations (ie. T/D
or S/D) would clearly mask any significantly weaker cross-correlations, like those
assumed to exist between the fish’s depth of migration and T or S. Thus, filtering
out the strong cross-correlation in T/D and S/D in the raw data due solely to the
physical oceanography of the region is necessary to reveal any other weaker correla-
tions between these variables and the fish. However, the nature of the relationships
lbetween T, S or D and the sockeye is not known and any form of filtering may, in
fact, remove the sought after signal. An acceptable form for this type of filter was
not found. Considering this weakness, cross-correlations between the T(S) and D
time series due to the tracked sockeye’s response to its ambient environment cannot
be determined with any degree of certainty. A simple algorithm was used to smooth
the T and S time series AOV data to reduce time dependent effects. The CTD cast
data was moving-averaged in time over a period (approximately 3 hours) in which
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Figure 44. Coherence and phase differences for raw T/S AOV data for fish 8503
tracked in the western extremity of JS. The time series are highly coherent and
virtually 180° out of phase at all times.
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the tides did not dramatically alter the vertical structure of the water column. The
fish’s observed depth and interpolated (AOV) T(S) at that depth and time was

subtracted from the mean state created by the moving average. Thus, we have:

xanomi'k 'zol)s = xI\VOVi.k .zobs —-ik 2obs (2.2)
where
1 M
2k(2) = 37 ) 74(2) (2:3)
Jj=1
and

i=1,2,3,---N
j: 17233a"'M

=1,2,3,---P

Note that N represents the total number of observations, M represents the weight of
the moving average and P represents the total number of weighted averages formed.
Note that for the majority of Zx(z), M = 4 except in cases where there were fewer
than 4 casts made.

Once z,50m, had been calculated from the AOV T and S data, some pre-
processing and qualification procedures were carried out to ensure that the correct
analytical techniques and therefore accurate results would be obtained.

Pre-processing included the removal or correction of obvious outliers in the
data, caused by errors in the recording or processing of the original tracking and
CTD data, and trend removal. Trend removal, required so as not to mask low
frequency spectral content in the data and to unduly distort the processing of
correlation quantities (Bendat and Piersol, 1971), was carried out by fitting a least-
squares linear curve to the data. In fact, the linear trend may actually be a low-
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frequency component in the data. No evidence was found to indicate that the
calculated linear trend was actually a true trend in the data. The linear fit, Zanom,

t0 ZTanom, 1S given as:

£inom, =ai+b i=1,2,3---N

where
N N
12 Z NZanom; "6(N + 1) Z Tanom;
_ n=1 n=1
= AN(N —1)(N + 1)
N N
2(2N + 1) E xanom" _6 Z nzanom.-
b= n41 n=1

N(N 1)

N is the total number of observations and h, the sampling interval is 1 min. De-

trended time series were then calculated as:

Tanom; = xauom;l

__-'ianom; 1= 1’2933"'N

Zabs

for T(S) and
Eanomg = Zobs; — éanom,' 1= 1,2,3,--- N

for D.

Lastly, to simplify later calculations, the de-trended time series were trans-
formed so that the arithmetic means of the transformed time series were equal to
zero. The zero-mean, de-trended T(S) and depth anomaly time series were trivially

calculated as:

N
. 1 . )
& = Tanom,; — N E Zanom; 1=1,2,3,---N (2.4)
n=1 -
for T(S) and
1 N
’Yizéi—ﬁ;:léi 1=1,2,3,---N (2.5)
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for depth.

Qualification of the data included tests for stationarity and a search for pe-
riodicity. Determination of stationarity is vital as the analytical procedures for
stationary and non- stationary data are different. Stationarity implies that the sta-
tistical properties of the time series are independent of time. A minimum require-
ment for this to be true is that the probability density function be time invariant
and hence a constant mean and variance exists (Jenkins and Watts, 1968). An
estimate of the probability density function for the raw depth time series data is
provided by the depth histograms for each fish (Figures 40 and 41). The unimodal
distribution of the majority of the data suggests that an assumption of stationarity
is not unreasonable. However, as the physical processes which were responsible for

the raw AOV data were not time invariant, a more rigorous test of stationarity is

necessary.t

If stationarity is to be determined, it must be assumed that any given sample
record will properly reflect the non-stationary character of the process in question
and that the sample record itself is long enough to differentiate random fluctuations

from non-stationary trends. A simple, non-parametric procedure which does not

1t Note that the time series derived herein do not contain data from observations
made in darkness. Quinn et al. (1989) shows that the vertical distributions and
movement patterns for sockeye tracked during darkness are substantially different
from those tracked during the day. Thus, stationarity cannot be assumed for time
series combining tracking data acquired during day and night. Similarily, time
series produced by combining data from different oceanographic regimes cannof be
considered stationary.
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require a knowledge of the sampling distributions of any data parameter (ie. if
they are normally distributed or otherwise), is the run test. Consider a sequence of
observations where each observed value may be classified into one of two mutually
exclusive categories: either a ‘+’ observation or a ‘—’ observation. A ‘run’ is defined
as a sequence of observations in one category that is preceded and followed by a
sequence of observations in the other category. The number of runs in the complete
dataset is an indication as to whether or not the results are independent observations
of the sample parameter chosen. The existence of a trend can be determined by
hypothesizing that no trend exists and hence a sequence of N observations are
independent realizations of the same random variable. Any population estimator,
or parameter, will work equally well {Bendat and Piersol, 1971).

To test for stationarity in a; and ;, values of standard deviation, o, calculated

as:

M )2 q1/2
02[21\(;21] i=1,2,3,---M

i=1

for x; = o; and ~; were computed from consecutive 20 min. segments (M = 20) for
the entire record length. The consecutive o values were then categorized as either
greater than (ie. a ‘+’ observation) or less than (ie. a ‘—> observation) the median
value. Figure 45 is a representative result of this test. The data can be considered
stationary with 95% confidence if the number of runs in the sequence of o relative
to the median value was > 6 but < 15 (Bendat and Piersol, 1971). Table 8 shows
that the majority of derived time series can be considered stationary at the 95%
confidence level.

Tests for periodicity in &; and ~y; were conducted for the DP data (8507, 8508,
8509 and 8510) first to determine if an intrinsic depth distribution independent
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Figure 45 . Run test of standard deviation (oz) for consecutive intervals of 20
_observations about the median for all intervals. A single run consists of a sequence

of consecutive observations of oy either greater or less than the median value. Data
is for 8504 tracked in QCST near Malcolm Island.
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Table 8

Results of the run test performed on the a; and +; time series data for each fish. The
number of runs of 02o, (the standard deviation of sequential 20 minute segments of
the track) about 0yeq (the median standard deviation of all the 040,) is given for
D, T and S. The number of runs is shown as N,,,. Stationarity may be assumed at
the 95% significance level if the number of runs, N . satisfies 6 < Npun < 15. Note
that & and O imply, respectively, that stationarity can or can not be assumed.

Fish Omed Nrun Stationarity
D/T/S D/T/S
8503 .291/.045/.016 7/ 6/ 4 a/0/0
8504 .686/.051/.024 8/10/ 9 h/b/b
8505 .532/.043/.021 4/ 8/ 8 CV/e/b
8509  1.090/.010/.018 9/3/6 &/0/a
8510  1.299/.003/.002 3/2/2 VYAVIV
8511  2.045/.172/.095 6/9/3 'YX YA
8512  1.009/.116/.057 5/2/5 VIAVIV
8514 1.187/.306/.235 5/10/10 C/a/b
8516 .395/.072/.022 7/ 6/ 7 a/0/0
8601  1.907/.023/.003 7/6/8 a/0/0
8602  1.450/.072/.028 6/ 8/ 1 d/b/0
8603 1.548/.027/.015 4/ 7/ 7 C/b/&
8604 .743/.026/.019 10/ 4/ 8 &/0/8
8605  1.227/.050/.403 5/6/ /4
8606 .525/.270/.015 3/17/3 T YA
8610 .492/.026/.037 10/ 6/ 8 a/0/0
8611 .944/.099/.020 12/ 7/11 a/0/b
8612  1.318/.135/.404 5/2/ VAV
8613  1.251/.160/.050 8/ 6/ 6 a/6/6

of T(S) or T(S) gradients existed. Estimates of the normalized autocorrelation

function, R, , given by:

N-—r
. 2212 78RS
R'a'r:%—vl—__ﬁﬁ r=1,2,3,---m (2.6)

for T(S) and, when ¢ is replaced by 7;, D. N is the total number of observations of
a; or ;. The lag number, r, corresponds to the time displacement and the maximum
» lag number, m=100, was chosen as larger values produced negligible differences in
the results.
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Ry and R} (hereafter defined as R"7 for convenience) results show much
greater correlations between the T and S time series than between the T(S) and
depth time series. The form of Ry"? shown in Figure 46 suggests that periodicity is
not a feature of these data. R for 8510, though different in appearance from R,
for 8509, is not statistically different given the 95% confidence interval. The general
form of R] indicates that -y; corresponds to a O(1) auto-regressive process (Jenkins
and Watts, 1968). This result is in agreement with the qualitative observation
that fish tracked in homogeneous regimes were unimodally surface oriented. A

quantitative estimate of this behaviour could be obtained according to:
Xi = axi—1 + p(l — a) 0<a<l1

where x; is the predicted depth, p is the observed mean depth and « is an empirically
determined parameterization of the O(1) process. However, the error associated
with a predictive estimate of depth using this type of process and these data would
be large enough to render the exercise meaningless.

As no periodicity was found in ~; or a; for DP, Ry estimates for all regimes
were calculated without filtering for the hypothesized intrinsic depth distribution.
The general form of RV for all time series data was not sufficiently similar to
conclude that R}"” was independent of vertical T(S) structure. The general form
of R"7 for data in stratified regimes was such that periodicity appeared to be
characteristic of these data.

One notable exception, 8511, in the R data was found. In this instance,
periodicity was clearly present. There is a statistically significant cycle of approx-
imately 18 lags evident in the autocorrelogram (Figure 47). This translates iqnto a
period of approximately 18 minutes in «;. In fact, 8511 is the only fish that continu-
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ously dove and ascended throughout the duration of its track. It made a series of 28
dives and ascents during the 7.83 hour track duration. Considering one cycle to be
a dive or ascent, we have approximately .28 hrs/cycle or about 17 mins/cycle. This
agrees reasonably well with the results obtained via the R] analysis and served to
motivate additional analysis of the time series datas.

Based on the R result that some evidence of periodicity was present, esti-
mates of the autospectrum, G*7 were calculated using an FFT algorithm available
in UBC’s computing library (UBC FOURT, 1986). Specific data pre-processing for
the calculation of the FFT consisted of applying a cosine taper to the first aﬁd last
10% of the record to be analyzed to reduce the effect of side-lobe leakage inherent

in finite length records (Bendat and Piersol, 1971). The cosine taper, Cr, was of

the form:

90.0°n
N

Cr, =cos( ) n=1,2,3,---N

where N equals 10% of the total record length.

Raw estimates of G*7 were smoothed by band averaging. The choice for
the number of bands, Ng, to smooth over was determined by inspection. Ng =
12 provided the best resolution with reasonable confidence intervals. The 95%
confidence interval was calculated using Bendat and Piersol, (1971). The effective

resolution bandwidth, B,, was calculated as (Bendat and Piersol, 1971):
B, = % v =2Npg, N = total record length

For a constant v = 2Ng = 24, B, varies as the inverse of the record length. Most
fish tracked in both years provided N large enough to yield acceptable confidence
intervals and resolution, B..
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854 (T,S AND DEPTH)
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Figure 47 . Autocorrelation R>7 vs lag for 8511 tracked in the SG near the
northern tip of Texada Island. Perlod1c1ty is implied by statistically significant
zero-crossings.
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Figure 48 . Autospectrum G for all fish tracked in both years (upper frame). G°
(T data) for 8516 (tracked in the SG) is shown in the lower frame.
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G*7 results are in general agreement with those derived from Ry7. There

are no spectral peaks evident in a; or ~; for fish tracked in DP. The 18 min. cycle
that was detected in R for 8511 is evident in G*7 for the majority of fish tracked
in stratified regimes as a .07 = .01 cycles/min peak (period~ 15 min). Figure 48
shows a plot of a calculation of G* for 8516 and G” for all fish tracked in both
years. Note that there is evidence of an additional peak at approximately .03 &+ .01
cycles/min, corresponding to a period ofa 33 mins., in both (a) and (b) of Figure
48. This peak was observed in fish tracked in stratified regimes in the majority of T,
S and D data. These results were verified by calculating variance preserving forms
of G*7. However, large variances at low frequencies did indicate the existence
of trends in «; and ~;. Similarily, Table 8 shows that trends exist in some of
the linearly de-trended data. Thus, this form of trend removal was not successful
in all cases. However, in cases where linear de-trending was appropriate significant
spectral contributions are evident at the same frequencies as those cases where trend

removal was not completely successful. Thus, trend removal was not necessary to

resolve these peaks.

Given that 95% confidence implies that noise alone will produce a similar
result in 1 out of 20 records and that the peaks in G*'7 are not large compared to

the error bars, these periodicities are considered significant for two physical reasons:

1.) Spectral peaks in the tracking data for the QCST/JS and SG
oceanographic regimes could arise due to the internal scales of
motion inherent in the density structure. The internal wave cut-
off frequency (the Brunt-Vaisala frequency, N2) in these regimes
is at least an order of magnitude greater than the observed fre-
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quencies in the tracking data. In the homogeneous waters of DP,
N2 is of the same order of magnitude as the observed frequencies
and may therefore explain why no spectral contributions were de-
tected in this regime. However, it is extremely unlikely that the
moving platform from which the CTD measurements were made
could resolve the same frequencies in different density stratifica-
tion. Moreover, it is not known what external or internal forcing
‘would produce motions at these periods. The conclusion, then, is
thét these frequencies do not arise due to purely dynamic oceano-

graphic causes.

2.) They occur in fish that appeared both oriented and disoriented.
8511 and 8603 were disoriented (swam continuously northwest-
ward away from the Fraser River) throughout the duration of their
tracks. 8514, 8516, 8606, 8611, and 8613 all displayed portions of
oriented (swam southeastward towards the Fraser River) and dis-

oriented behaviour.

It is somewhat co-incedental that one frequency is twice the other. If the
diving velocity (depth/min) were constant for oriented and disoriented fish, and
the depth of successive dives was different, it would appear to the FFT algorithm
that there are two separate frequencies when, in fact, there is only one. However,
the diving velocity, as is discussed in §2.4.4: (f), is not the same for oriented and
disoriented fish and the FFT algorithm does resolve two true, distinct peaks.

It is hypothesized that the two spectral peaks correspond to two distinct
modes of behaviour in stratified regimes. The higher frequency (ca. .07 cyles/min)
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corresponds to searching behaviour (Westerberg, 1982; 1985; Deving et al., 1985)
in disoriented fish. The lower of two frequencies (ca. .03 cycles/min) represents
depth distributions associated with oriented fish. These fish were observed to swim
at relatively constant depths and to make infrequent but periodic sudden vertical
excursions. Time series data for completely disoriented fish (ie. 8511 and 8512)
do not have significant spectral contributions at this lower frequency while data
for fish displaying oriented and disoriented swimming behaviour (ie. 8516) contain
both spectral peaks.

Composite spectrums were produced in order to decrease the 95% limits and
more completely resolve the observed frequencies. G7 is shown in Figure 48 for all
fish tracked in 1985 and 1986 in QCST, JS and the SG. Although the 95% confidence

interval is reduced, the peaks remain only marginally significant.

2.4.3: Energy Expenditure

Periodicity in the data deduced from spectral analysis did not directly reveal
any relations between the physical oceanography and the fish’s vertical distribution.
Periods of approximately 15 and 33 minutes were found in oriented and disoriented
fish tracked in QCST, JS and the SG but not in DP. These periods were also
more apparent in fish tracked in regions where the T gradients were larger (SG
and QCST). As an intrinsic depth distribution was not apparent and the calculated
frequencies, in general, appeared related to searching for migratory cues, a more
direct approach to determining any relationship between the hydrography and the
fish was considered.

It was observed that sockeye swimming in regions of little or no stratification
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frequently made a series of steep dives and ascents. Moreover, it was also observed,
at least qualitatively, that sockeye swimming in the homeward direction usually
swam within a relatively narrow range of depths as opposed to those fish who
appeared disoriented. A quantitative estimate of this behaviour was considered in
terms of the energy expended swimming vertically and horizontally.

The energy expended by migration over long distances dictates that econom-
ical choices be made between foraging for food, searching for migratory cues and
clues, swimming speed and direction (M°Keown, 1984; Weihs, 1987). Energy bud-

gets for fishes have evolved to the generally accepted form (Brafield, 1985):
C=P+R+U+F (2.7)

where C is the energy input (ingested food), P is the energy accumulated as growth
of the somatic and reproductive tissues, U + F is the energy lost as waste ( urine
and feces respectively) and not available for growth or metabolism, R. Metabolism,
R, reflects the energy lost as heat. This heat loss is composed of the fish’s basal
metabolism, the energy expended in a resting, non-stressed ‘basic’ state, and the
energy expended in specialized activities such as swimming, feeding, aggression,
migration, spéwning, etc. The vast majority of energy requirements for fish are
incurred in these specialized activities (M°Keown, 1984). Brett (1983) concludes
that for sockeye migrating in offshore waters, 44% of the total available energy is
required for metabolic purposes and that up to 75% of the total available energy is
required for riverine migration.

As a considerable portion of the energy budget for migrating sockeye is ex-
pended swimming, a quantitative estimate of the role the ambient density gradient
may play in the vertical distribution of these fishes was attempted.
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The basic premise is that, as in all of physics, there is a finite amount of en-
ergy available. Furthermore, as in all of nature, any animal must optimize energy
expended in order to survive. In this case, the migrating salmon must reach its
natal stream with sufficient energy reserves to spawn and thereby ensure the sur-
vival of the species. Considering the relationship between vertical and horizontal
swimming, it is reasonable to expect that an excess of energy spent swimming ver-
tically, for whatever purpose, will leave insufficient energy available for horizontal
movement and vice versa. Both types of swimming behaviour are necessary; vertical
movements may provide migratory clues (Brannon, 1982), orientation information
(Westerberg, 1982; 1984; Dgving, 1985), danger avoidance and access to food while
horizontal movement, at the very least, is required to successfully complete the
migration.

An approximation of R was attempted by assuming that all the energy lost as
heat was expended by swimming and that R > P+ U+F at least for the duration of
any particular track. Thus, R can be estimated by the work done by the fish against
the fluid by swimming horizontally and vertically and the work done against the
buoyancy force by swimming vertically. Energy expended swimming in the vertical
is clearly related to the vertical density gradient and therefore, environmental factors
may impose some form of control on the fish’s vertical distribution.

To calculate the rate of work (the energy expended) by a fish swimming ver-

tically, we first consider the vertical buoyancy force F;. It is given as:

N
ZQ(PI — pi) x VOL

1=2

where g is the acceleration due to gravity, N is the number of observations made

F, =

during all or part of a track(s), ps is the density of the fish, p; is the ambient
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density and VOL is the approximate volume of the fish, estimated as .012 m>.
Thus, if pf # p;, F > 0 and the tracked sockeye must expent energy to compensate
for this additional force if constant depth is to be maintained.

Sockeye salmon are capable of maintaining neutral buoyancy (ie. p; =
pi = F = 0) in the water column by means of a swim bladder connected to
the esophagus (Gee, 1983). The fish’s density can be matched to the ambient den-
sity by forcing gases into or extracting gases from the swim bladder either directly
by gulping or eructing gases , or directly by osmosis (Gee, 1983). The time lag
between change of depth and achieving neutral buoyancy by the above mentioned
means is not precisely known. In addition, numerous fishes have been observed to
compensate for non-neutral buoyancy by coupling swimming speed and angle of
attack (the longitudinal angle of the fish relative to the horizontal). An increase or
decrease in hydrodynamic lift can therefore be generated (Magnuson, 1978; Webb
and Weihs, 1983) to compensate for the hydrostatic buoyancy forces. For simplicity,
it was assumed that the change in depth of the fish and the resulting change in the
buoyancy force was compensated for immediately at each new depth by utilizing the
swim bladder and/or changing swimming speed and angle of attack. Thus, ps = p;

and the vertical buoyancy force F‘é‘, is given as:

N

Z g(pi — pi—1) x VOL (2.8)
i=2 '

The energy expended to achieve neutral buoyancy was assumed to exactly balance

FY =

the change in buoyancy forces between observed depths. (2.8) implies that if p; =
pi—1, then F‘l/?; = 0. Hence, no energy is expended by the fish compensating for
non-neutral buoyancy within vertically homogeneous density fields.

The rate of doing work against the buoyancy force ng, was calculated as
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(Webb, 1978):

W5 =Fp xVY  i=23...N-1 (2.9)

where the absolute value of vertical velocity, VY, was calculated using a centered

second order finite difference scheme. This is given by:

(Di+1 —Di—l)
2 x 60

1

o

i=23,---N—1. (2.10)

VY has units of ms™! as observations of depth, D, were made every minute.
The rate of work done by a swimming fish against a fluid is related to the

hydrodynamic drag, DR; (Webb, 1978) where:
DR; = .5 xCD; % [p;] x Sx |V} x V' (2.11)
Some simplifications of (2.11) are possible as:
Vil2 = (V)2 + (V)2 (2.12)
where V¥ is the horizontal velocity and VF > VY. (2.12) may be re-written as:
V2 = (VF)2 (2.13)
The vertical DR, and horizontal, DR, components of (2.11) using (2.13) are:

DRY = 5CDY|p;|SVHVY, (2.14)
DRY = 5CD¥ |5, |S(VF)2. - (2.15)
S, the wetted surface area of the fish, is taken to be 0.10 m?. In (2.14), the mean

density, g, is simply:

ﬁ:(Pi'f‘Pi—l)/z Z:1a273N
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and in (2.15), p is taken to be the average ambient density of the entire track. Thus,
for (2.15), we have:

L &
P=N Z pi-
1=1
The vertical drag co-efficient, CD}/, may be expressed as a function of the vertical

Reynolds number, RY. For laminar boundary layer flow, CD:-/ is calculated as:
14 vy—1/2
CD; = (4.2)(1.33) (R}) (2.16)

The factor 4.2 arises as a result of a correction for pressure drag (Bainbridge, 1961)
and for the undulatory motion associated with propulsion (Lighthill, 1971). The
average swimming speed for all fish was calculated to be approximately 1.0 m/s
(Quinn et al, 1989). At these velocities, the boundary layer may be expected to be
laminar (Webb, 1975; Blake, 1983). However, (2.16) is recognized as a simplification
and will only give reasonable estimates of the drag co-efficient for streamlined bodies

at small flow speeds. At higher flow speeds, (2.16) underestimates the the drag co-
efficient. RiV defined as:
_ VYL

4

RY

1

where L, defined as the characteristic fish length, is taken to be .60 m.
Variations in temperature can cause significant variations in the kinematic vis-
cosity , v, and therefore R (Webb and Weihs, 1983). Considering these variations,

v; was calculated from the empirical formula (Weast, 1974):

a;
v; = 10_ ; (2.17)
p .

1301

%= |998.333 + 8.1855(T; — 20) + 0.00585(T; — 20)?

— 3.30233] x 1071,
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The rate of work done by the fish swimming vertically against the fluid is

calculated as (Webb, 1978):
Wy =DR/ x V/. (2.18)

Finally, the total rate of work done by the fish swimming vertically, W%, can
now be calculated using (2.10) and (2.17). We have:

N

Wi =) (Wg +Wr). | (2.19)
1=2 .

It now remains to estimate the work done by the fish swimming horizontally.
The reader will recall that we have considered horizontal gradients of density negli-
gible in the regions where tracking was carried out. This assumption in conjunction
with those used to construct the estimate for R imply that we need only consider
the work expended by swimming against the fluid. The horizontal drag co-efficient,

CD¥ is analogous to (2.16) and is given as:

CDH = (4.2)(1.33) (R¥)™'/*

and Rf, the horizontal Reynolds Number is taken as:

o _ VEL

1 V1'

The total work expended by swimming horizontally is analogous to eq.(2.19)

and written as:
N

WH =Y (DR x VF). (2.20)
1=2
A representative plot of the total work rates vs time is shown in Figure 49 for

8516 and 8603. It can be seen that intermittency is common to all these figures.
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Figure 49 . Total work rate considering rate of energy expenditure by swimming
vertically and horizontally. Units of work rate are Joules - min~!. Elapsed track time
is shown on the x-axis. Normalized area represents the average work rate over the
entire track in Joules - min~!. 8516 was tracked in the central SG and 8603 central
QCST.
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Although it appeared during tracking that most of the fish were generally swimming
in a steady fashion, calculations of work rate show that energy expended swimming
varied a great deal over the duration of the track. Laboratory studies on sockeye
metabolic rates (Brett, 1963) give estimates of energy expenditure of approximately
45 cal/kg/day for fish migrating in riverine conditions. Considering a 3 kg fish
and Brett’s (1983) figure of 44% of total energy required for metabolic processes
in offshore waters, approximately 79.2 cal/day are expended metabolically. The
area under the curve shown in Figure 49 was numerically determined and this
calculation represents the total energy expended by the fish swimming vertically
and horizontally. The total energy expended divided by the track duration gives an
average rate of energy expenditure. Table 9 gives the average energy expenditure

(Joules - min~!) for individual fish.

The extreme variability in the total work rate cannot be completely accounted
for. Calculations of horizontal swimming velocity are not corrected for advection
by near surface currents and this error does account for some of the observed vari-
ability. 8510 was tracked just north of Seymour Narrows when tidal currents were
approaching a maximum. In this instance, advection accounts for the very large

rate of energy expenditure shown in Table 9.

The variability in the total rate of work implies that different fish proportioned
differing amounts of energy to swimming. This is in general agreement with Brett
(1983) in that only 44% of available energy is used for migratory swimming and
therefore the majority of energy available is being used in other parts of the energy
budget. Table 9 also shows that the rate of work done against the buoyancy force
is much less than that expended against the fluid alone. Considering the disparity

115



Chapter 2: Ultrasonic Tracking

Table O
The average work rate calculated for a complete track. Units are Joules - min™!.
The rate of energy expenditure swimming horizontally, the total rate considering

vertical and horizontal swimming and the standard error associated with the total
work rate are given for each fish.

Fish Horizontal Work Rate Total Work Rate Standard Error (&)

8503 0.125 0.127 : .004
8504 3.070 3.153 .103
8505 0.043 0.043 .002
8507 0.046 0.046 .002
8508 0.115 0.120 .006
8509 0.634 : 0.640 .006
8510 10.374 11.618 .284
8511 0.034 0.038 .002
8512 0.022 0.022 .001
8513 0.010 0.013 .005
8514 0.018 0.018 .003
8516 11.582 11.530 175
8601 0.066 0.066 .001
8602 3.430 3.385 .045
8603 0.050 0.051 .002
8604 0.039 0.039 .002
8605 0.075 0.077 .003
8606 0.156 0.155 .014
8610 1.235 1.264 .003
8611 0.195 0.204 .003
8612 0.106 0.104 .003
8613 0.195 0.204 .005

in these work rates, it appears that the vertical difference in buoyancy force, and
therefore the T and S gradients, do not inhibit the fish’s vertical excursions.

The aspect ratio, AR, of a particular track is calculated as:

_ DISTH
~ DISTV

where DISTH and DISTV represent the horizontal and vertical distances travelled.

The aspect ratio gives a general indication of the fish’s overall energy expendituret

with regards to either vertical or horizontal swimming as well as a measure of

t It should be noted that overall distance travelled gives no indication of the
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orientation (Quinn and terHart, 1987). It is necessary, however, to determine some
numeric standard that relates orientation and AR. The choice, while not completely
arbitrary, is somewhat subjective. The choices made for the purpbses of selecting

an ‘oriented’ and ‘disoriented’ AR follow Quinn and terHart (1987), and are:

i.) The entire track of 8512 is representative of an extremely disori-
ented fish as very little progress over the the ground was made as
well as frequent deep vertical excursions. The AR for this track

was the minimum observed for both years and as such, was chosen

as ARqin.

ii.) The portion of 8516 between 1531 hrs and 1730 hrs represents a
very well oriented fish. In this case, the AR for this portion of this

track was considered to be AR .«.

As ARpin = 9.765 and AR .x = 75.141, the calculated AR’s for each track were -

normalized as:

AR, =
" ARmax - ARmin

0< AR, <1.

The normalized aspect ratio, AR,,, represents the relative degree of southeastward
orientation where AR, = 1 implies ‘perfect’ homeward orientation and AR, = 0

implies complete disorientation.

acceleration. Swimming at maximum velocity (burst speed) incurs significant en-
ergy expenditures (Soofiani and Hawkins, 1985). Brett and Groves (1979) state
that the metabolic cost of 20 seconds at bursting speeds equals 15 minutes of active
metabolism (approximately 1-2 body lengths/sec for adults) or 3 hours of basal

metabolism.
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Table 10 gives both AR and AR,. Clearly, orientation varies considerabley
and is poor overall, but similar for all fish in all regimes. The parameter AR,,
when compared to the actual horizontal track of the tagged fish, yields a reasonable
quantitative estimate of the relative degree of homeward orientation.

Table 10

Normalized aspect ratios, AR, for each fish. Total distances travelled (m) in the
vertical and the horizontal as well as the raw aspect ratio, AR, is given.

Regime Fish Vertical distance Horizontal distance AR AR,
travelled travelled
QCST/JS 8503 816.00 24599.50 30.146 0.312
8504 846.00 18654.50 22.050 0.188
8505 526.00 8573.41 16.299 0.100
DP 8507 624.00 8486.52 13.600 0.059
© 8508 218.00 5594.66 25.664 0.243
8509 2232.00 65348.06 29.278 0.298
8510 760.00 15319.98 20.158 0.159
SG 8511 1163.00 11886.15 10.220 0.007
8512 1330.00 12987.63 9.765 0.000
8513 479.00 6989.42 14.592 0.074
8514 1839.00 36883.71 20.056 0.157
8516 1278.00 47996.96 37.556 0.425
QCST/JS 8601 1220.00 16283.64 13.347 0.055
8602 699.00 30006.11 42.927 0.507
8603 1197.00 19400.81 16.208 0.099
8604 566.00 9999.15 17.666 0.121
8605 596.00 14075.13 23.616 0.212
8606 1015.00 51329.75 50.571 0.624
SG 8610 1034.00 54890.05 53.085 0.663
8611 1237.00 23269.78 18.811 0.138
8612 588.00 20948.08 35.626 0.396
8613 743.00 16198.73 21.802 0.184
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2.4.4: Swimming Velocity and AOV Relationships

As spectral analysis and AR,, gave some evidence for a possible relation be-
tween vertical /horizontal distribution and the sockeye’s physical environment, a
number of hypotheses were tested in an attempt to further quantify the results of
previous sections.

AR, implied that vertical and horizontal swimming velocities are negatively
correlated as oriented and disoriented behaviour could be characterized by the depth
and frequency of vertical excursions.

Without an acceptable model for relating vertical and horizontal swimming
behaviour, or swimming behaviour and physical environment, scatter plots of sev- -
eral hypothesized relations for individual and composite fish tracks were produced.
These plots were then examined for any discernable relations between the chosen
variables. The intent here was to sacrifice detailed causal knowledge for general

relationships.

Where applicable, all data were normalized using the following transforma-
tion:

Ly — Tmi
T, = ——— 0<z,<1; (2.21)

Zmax ~ Tmin
where z,, represents the n** data point. This transformation provided a convenient

scale with which to compare the different data subsets.
(a) Horizontal and Vertical Velocity

Figure 50 is an example of the scatter plot produced in an attempt to relate
horizontal and vertical velocity. No correlation between horizontal and vertical
velocity was evident in any of the scatter plots produced. The tendency for the
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data values to lie against either axis is an artifact of the normalization procedure
when a relatively large maximum value exists in the non-normalized data.

Fish tracked in the same oceanographic regimes were grouped together in or-
der to reduce the statistical error inherent in small data sets. The resulting plots
showed no clear evidence of any correlation. There is also no clear evidence indi-
cating that fish tracked in a particular oceanographic regime were better oriented
than in others. It was clear, however, that most data points were concentrated near
the origin and that there is less chance of finding data points near the maximum
in the horizontal or vertical swimming velocities. It is also interesting to note that
the maximum swimming speed observed is well above the anaerobic threshold for

sockeye salmon (> 3 body lengths/sec or ~ 1.8 m/sec; Brett, 1983).
(b) Depth Anomaly and Normalized Vertical Velocity

As for horizontal and vertical velocities, simple correlations were sought be-
tween depth and vertical velocity. Given a statistically significant mean depth of
travel and the qualitative observation that well oriented fish tended to swim with
infrequent shallow vertical excursions, the data were analysed to see if a tendency
to return to a preferred depth (the mean) would manifest itself as an increase in ver-
tical velocity the greater the deviation from the mean. If this were true, a positive
correlation between depth and vertical velocity would exist.

Representative scatter plots of depth anomaly, Danom,, calculated as:

1 N
D; -~ — D _D

1=1

Danom,»

and normalized vertical velocity, V,‘,’ are shown in Figure 51. It was evident from
these calculations for all tracks in both years that D,p,om, and V,\,’ for fish tracked

120



Chapter 2: Ultrasonic Tracking

3. [
0 4
o
'?,; p
> ©
=]
~
O
. ] .
E g' o . s o
© °
z |
1 = o L -4 o
g*’ o - : °
0% , 0
e é'%:’n:' °s o -~:0° .. 0, °
aﬁn? % o e © % o °
9 Ok Ll T R .
0 0.2 0.4 0.6 0.8 1.0
o-l [ -]
- Hor. Vel
. e Ftk 8516
«© |
=
°
. > °
°
>
=
=
)
> ’ ﬂ. [ -] P
. . ® °
g ; -lg'o °
Z -4 .;;°'
3l
’%" °
FE go Ftk 8610
P
0.2 0.4 0.6 0.8 1.0
Hor. Vel.

Figure 50 . Scatter plots of horizontal and vertical velocities for 8516, tracked in
central SG near the BC mainland coast, and 8610, tracked in northern SG south of
Cape Mudge.
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in JS, QCST and DP were more positively correlated than those tracked in the SG
for both years. Correlations in the SG were, in general, slightly negative while those

for QCST, JS and DP were never negative.
(c) Depth and Normalized Vertical Velocity

Correlations bewteen Dgyom, and V,‘,/ suggested that the mean and therefore
Danom, did not accurately represent the sockeye’s depth distribution. Thus, unfil-
tered observations of depth and V,‘,’ were considered. Scatter plots of depth and
normalized vertical velocity generally show a weak positive correlation. Given the
scatter of the data, it is probably more appropriate to conclude that there is no
clear evidence of a negative correlation. Nonetheless, there are several conclusions
that can be made based on these plots.

Firstly, the mean depth is easily seen to be different for each oceanographic
regime and for different years in the same regime. Secondly, as vertical velocity
and depth are positively correlated, the greater the depth, the greater the vertical
velocity. This correlation is stronger in the less stratified regimes of JS, QCST
and DP than in the more strongly stratified SG (cf. Figures 52 and 53). The two
tracking years, 1985 and 1986, are similar in that weaker stratification implied a
stronger positive correlation between depth and vertical velocity.

In terms of orientation, the observation that well oriented fish tended to swim
at a specific depth for relatively long periods of time is partially evidenced in these
plots. Well oriented fish exhibited stronger positive correlations than those fish
which were poorly oriented. Without prior knowledge of the fish’s actual track,
however, the difference in correlation coefficients alone is not sufficient to differen-
tiate oriented from disoriented fish.
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Figure 51 . Scatter plots of depth anomaly and normalized vertical velocity for
8503, tracked in the western extremity of JS, and 8513, tracked in the SG near the

southern entrance to Sabine Channel. The depth anomaly represents the absolute
value of the distance away from the mean depth.
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Figure 52 . Scatter plots of depth and normalized vertical velocity for the composite
data 85.3-5 (fish tracked in QCST/JS) and 85.7-10 (fish tracked in the SG).
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(d) Depth and Normalized T Gradient

Quinn et al. (1987) and Quinn and ferHart (1988) could neither conclu-
sively support nor refute, at least qualitatively, Westerberg (1982; 1984) and Dgving
(1985) who concluded that migrating Atlantic salmon used microscale temperature
gradients as a migratory clue. It is well documented _thét salmonids possess highly
sensitive olfactory systems (Bertmar and Toft, 1969; Dgving, 1985) capable of dif-
ferentiating fine and micro-scale hydrographic features. Specifically, the olfactory
ability of many salmonids to differentiate water masses of different 6rigins, as well as
different pheromones, has been observed (Brannon, 1982). It does seem reasonable,
then, to assume that such a highly evolved faculty has some specialized purpose. T
gradients demark transitions from one T regime to another and within BC’s inside
passage, as the thermoclines and haloclines are coincidental, they demark different
water masses of different origins. Given these abilities, the most efficient way to
gather T or olfactory information is to remain in or near the region of maximum
gradients in T or S. Thus, very little energy is expended in detecting the greatest
possible difference.

Scatter plots of normalized T gradient (0T/dz), and depth showed that fish
tracked in this study tended to occupy depths associated with the weakest T gradi-
ents. There were clearly more data points in the vicinity of the minimum gradient
for the majority of fish tracked. In addition, sockeye that were, in general, well
oriented had greater concentrations of data points in the region of the weakest T
gradient. In fact, where CTD vertical profiles of T and S showed a thin distinct
thermocline and halocline, there is a bifurcation of the data showing a concentration
of data points corresponding to different relatively well-mixed layers separated by
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the strong T and S gradients. Figure 54, showing a 8511 and 8514 tracked in the

SG clearly illustrates this bifurcation.

In regions of little or no stratification (eastern JS and DP), individual scatter
plots showed little tendency towards this phenomenen. Similarily, in the presence
of a weak T gradient encompassing the observed range of fish depths, data points

were equally distributed throughout the observed values for the T gradient.

Considering the T derivative and depth scatter plots, 8514 (Figure 54) pro-
vides an interesting composite of both types of observed behaviour. The CTD data
shows a strong tidal influence present in the surface waters of the central SG. Warm,
less saline water from Howe Sound and the Fraser River is seen to be advected by
a strong flood tide into the region where 8514 was tracked . The presence of a
surface mixed layer and a strong thermocline is eradicated by the advancing warm,
comparatively fresh water originating in the south-central SG. The time evolution
of the CTD data clearly shows the gradual weakening and deepening of the thermo-
cline and the displacement of the surface mixed layer (terHart and Quinn, 1989). In
conjunction with the above mentioned observations, 8514 does not exhibit any ten-
dency toward the minimum T gradient when there are weak T gradients extending
throughout the observed range of depths, as there were during the latter portions
of the track. During the early portions of the track, when a thin thermocline and
strong T gradients existed, 8514 exhibited a tendency toward the well-mixed regions
separated by the thermocline and there was a bifurcation of the data points. The
scatter plot of depth and (87'/9z), (Figure 54) is the sum of these behaviours; there
is no clear tendency towards the maximum gradient and there is a bifurcation of
the data points.
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(e) (aT/9z2), and VY

Scatter plots of (9T/dz), and V) were produced in an attempt to further
elucidate the relationship between T gradient and depth. (8T /dz), and V, were
generally weakly correlated. Frequent, slow dives/ascents of short duration will
produce plots similar to that of Figure 54 and discussed in §(d) above. Thus, ob-
served depth and V) will not relate to the maximums in (8T/dz),. The conclusion,
then, is that sockeye did not remain within the greatest gradient, but frequently
swam through it. Scatter plots of (3T/9z), and D support this observation. This

conclusion is in concert with those made by Westerberg (1984).
(f) Dive/Ascent Characteristics

Considering the time between successive dives/ascents and depth, Figures 55
and 56 show that these data correspond to two distinct modes of behaviour: frequent
deep diving and infrequent deep, but frequent shallow dives and long durations at
nearly constant depths. Disoriented fish (Figure 55: 8511) do not display the latter
grouping of data points while oriented fish (Figure 55: 8516 and Figure 56: 8603,
8606), even if only for a portion of their track do.

Dive characteristics were further examined by considering dive duration. Fig-
ures 57 and 58 show dive depth and dive duration for disoriented (Figure 57: 8511,
8512) and oriented (Figure 58: 8516, 8610) fish in the SG. There is a tendency in
oriented fish to make infrequent deep dives of long duration and frequent shallow
dives of short duration. Hence, the depth distribution of an oriented fish will be
characterized by relatively long periods spent within a narrow range of depths. Con-
versely, disoriented fish tended to make frequent, deep dives of short duration and
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Figure 55 . Time between successive dives/ascents (min) versus depth of dive/ascent
(m) for 8511, tracked in the SG near the northern tip of Texada Island, and 8516,
tracked in central SG near the BC mainland coast. Data shown for 8511 is charac-
teristic of disoriented fish; there are frequent deep dives and no periods of relatively

constant depth. These data are in sharp contrast to those for oriented fish represented
here by 8516.
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spent little time at relatively constant depths. These results are in good agreement
with qualitative observations of depth distributions made earlier.

Table 11 shows the least-squares linear fit to the dive and duration data for
each fish. The slopes of the linear fit to these data are different for oriented and
disoriented fish in different oceanographic regimes (cf. fish tracked in DP where all
fish were disoriented and those tracked in any other regime) implying the diving
characteristics for oriented and disoriented fish differ depending on stratification.
Note that the mean slopes for these lines are different for different years in the

same regimes. In addition, the magnitude of the slope is inversely proportional to

orientation.

2.4.5: Dimensional Analysis

Investigators have had success correlating physical variables such as freshwater
run-off, sea-surface T , S, sea-surface height, etc (Favorite, 1961; Wickett, 1977;
Burgner, 1980; Mysak et al., 1982; IPSFC, 1984; Hamilton, 1984; Blackbourn, 1987;
Groot and Quinn, 1987, Xie and Hsieh, 1989) with run timing and/or horizontal
distribution. It must be remembered, however, that correlation is not a necessary
or sufficient condition for cause. To date, a significant correlation between some
physical parameter and a salmon’s vertical distribution has not been found, let alone
a causal relationship. In an effort to identify any possible relationship between the
salmon’s physical environment and its vertical distribution, dimensional analysis
was employed.

Dimensional analysis techniques allow one to determine the functional rela-
tionship between groups of variables (Binder, 1973) without exactly knowing the
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Table 11

Linear least squares fit to the dive duration data for each fish. Intercept, b, and
slope, m, are shown for each fish. The standard error is given for b and m. Fish order
is by orientation by regime and year. Oriented and disoriented fish are represented
by the subscripts ‘o’ and ‘d’ respectively

Fish Regime b (%) m (%)
8503, JS(w) 2.96 0.82 2.56 0.34.
85044 QCST 3.14 0.59 2.08 0.15
8505,  JS(w)  4.01 235 420  1.19
m=2.98 + .42
8507, DP 1.70 1.88 6.99 0.96
85094 DP 6.17 1.04 3.44 0.49
8508, DP 4.86 2.06 2.46 0.86
85104 DP 4.05 1.32 4.14 0.58

m = 4.26 = .38

8516, SG 5.40 0.85 1.21 0.34
8513, SG 5.19 1.06 1.29 0.50
8514, SG 2.30 0.78 3.09 0.28
8511, SG 0.75 1.25 4.11 0.35
8512, SG 2.67 0.66 2.53 0.17
m =247+ .15

8602, QCST 3.45 1.31 2.17 0.53

8606, QCST 2.69 0.58 2.56 0.26

- 86034 QCST 2.45 0.84 2.25 0.28

8605, QCST 7.19 1.35 0.26 0.55

86044 QCST 3.92 1.65 1.36 0.65

86014 QCST 5.55 0.71 1.07 0.28
m=1.61=+ .18

8612, SG 4.44 1.04 0.91 0.39
8610, SG 6.96 1.30 0.68 0.66
86134 SG 6.38 1.19 0.81 0.36
8611, SG 2.83 0.73 2.57 0.20

m = 1.24 + .22

underlying physics. The functional form of the relationship is provided at the ex-

pense of the detail.

The fish’s vertical distribution may be represented by the absolute value of
its vertical velocity, V. If V is large, the fish’s vertical distribution is characterized
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Figure 57 . Dive duration (min) vs depth of dive (m) for 8511 and 8512. Linear,
least-squares best fit estimates are shown as solid straight lines through the data.
Both fish were tracked in the SG near the northern tip of Texada Island and were

considered disoriented.
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by frequent, large amplitude ascents and/or descents. If V is small, then depth
changes tend to be infrequent and of small amplitude. Relevant physical variables
were taken to be the temperature dependent fluid viscosity, v, the fish’s mass, M,
the earth’s gravitational force, G, and the buoyancy force, B, due to vertical density

changes in the water column.
In terms of their dimensions, V, v, B, G and M are:

L - L? L ML
._T ? :}—E,B:—T—z—andM:M

where L, M and T are the dimensions of length, mass and time respectively. We

seek a dimensionally homogeneous relationship of the form:

V = f(B,M,v,G), (2.21)
In terms of the appropriate dimensions, we have:
L ML\e s/ LENe /s L\¢
7 () () (3%) (2.22)
Equation (2.22) yields three equations for the four variables a, b, ¢ and d.

These three equations may be solved to give a, ¢ and d in terms of b. The choice

(2.21) yields the relationship:
V x B«—beul/3Gb+l/3

which is re-written in dimensional form as:

V (uG)l/sf(%q). (2.23)
Re-writing (2.23) will give a convenient set of non-dimensional coordinates:
vV MG
. 2.24
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The choice (2.21) is not unique in that other equally valid relationships may be
determined depending on the choice of variables. To test other possible solutions for

any evidence of functional dependence, the following relations were also considered:

V =f(M,v,G,8p/3z) (2.25)

and

V = f(M,v,0p/0z) (2.26)

which yielded, respectively, the non-dimensional co-ordinates:

1% (3p)32)v3/3
(uG)1/3 o A3 (2.27)
vV dp/0z 1/4

Provided an appropriate choice of variables has been made, scatter plots of
(2.24), (2.27) and (2.28) will reveal the form of the functional relationship between
the non-dimensional variables. Figures 59 and 60 are representative plots of (2.24)
and (2.27) and (2.28) respectively for one fish. Although all possible variables were
not tested, the most reasonable choices were. These results suggest that physical
variables alone are not sufficient to specify the sockeye’s vertical distribution. Other
undetermined behavioural factors, such as physiological requirements, may play an

important role in motivating the fish’s vertical movements.

2.5: Summary

Physical oceanographic influences on the estuarine phase of the return mi-
gration of sockeye salmon {Oncorhynchus nerka) were examined using data col-
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lected during two summers of ultrasonic telemetry and concurrent conductivity-
temperature-depth casts. Twenty-two separate tracks were examined and an at-
tempt to quantify the environmental factors influencing vertical and horizontal dis-

tribution was made.

The well-mixed, nearly homogeneous water of Discovery Passage was consid-
ered an experimental control in that sockeye tracked in this oceanographic regime
must necessarily exhibit a depth distribution independent of a preferred temper-
ature/salinity or temperature/salinity gradient.. Although frequent vertical excur-
sions qualitatively appeared to be a characteristic feature of fish tracked in verti-
cally well-mixed waters, spectral analysis revealed no periodicity in the tracking
data for Discovery Passage. Similar analysis of tracking data collected in oceano-
graphic regimes with varying degrees of stratification showed statistically significant
periodic vertical excursions of approximately 15.4 and 33.3 mins./cycle. Periodic
movements quantitatively distinguished oriented or disoriented tracks, or portions
thereof, in stratified regimes. The nature of cyclical vertical excursions is believed to
be an orientation mechanism whereby disoriented fish ‘sample’ the available water
column for orientation clues. This type of behaviour has been observed for other

salmonids (Ichihara and Nakamura, 1982; Westerberg, 1982, 1984).

Calculations of work rate considering vertical and horizontal swimming and
vertical density gradients show that energy expenditure was highly intermittent for
all fish tracked. The high degree of variability in energy expenditure is partially
caused by time varying swimming speeds and frequent burst swimming. Horizontal
work rate was several orders of magnitude greater than the vertical work rate. Work
done against vertical buoyancy differences was negligible compared to the work done
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against the hydrodynamic drag. Thus, stratification did not limit or inhibit ver-
tical excursions. Calculations of average energy expenditure (cal/track) also agree
favourably with Brett (1983). However, several tracks show caloric expenditures

beyond what may reasonably be assumed to be available.

The normalized aspect ratio, a linear transformation of the non-dimensional
ratio of horizontal to vertical distance travelled, gave a clear indication of homeward
orientation. However, scatter plots for individual and composite fish tracks revealed

no relation between horizontal and vertical velocity.

Scatter plots of depth and normalized vertical velocity, V,"/, were more pos-
itively correlated in regimes that were more weakly stratified. This result is in
concert with the qualitative observation of the near-surface depth distribution of
fish tracked in Discovery Passage and eastern Johnstone Strait. Depth and V,, were

more strongly correlated in oriented than disoriented fish and this is an indication

that well oriented fish remain at relatively constant depths for extended periods of

time.

Observations of depth and normalized T gradient, (3T /8z), showed that
sockeye were more often observed at depths associated with the minimum in
(8T /3z),, especially in regimes characterized by strohg stratification. In regimes
of weak or nearly uniform vertical gradients, observations of fish depth spanned
the range of observed (8T /dz),. Vertical distribution relative to (87T /9z), was
similar in different oceanographic regimes regardless of the magnitude of the the
gradients if the form of the stratification was similar. Scatter plots of (87 /3z), and
V,‘,’ were very weakly correlated and a consistent conclusion regarding depth, V,
and (9T /dz),is such that sockeye did not remain at depths associated with the

141



Chapter 2: Ultrasonic Tracking

maximum gradients, but frequently swam through them.

Dive/ascent characteristics revealed two distinct modes of vertical movements.
This result is in concert with those obtained from the spectral analysis. Time
between successive dives showed that disoriented fish made frequent, relatively deep
dives and rarely remained at constant depth while oriented fish made infrequent
deep, but frequent shallow dives and often remained at constant depths. The slope
of the least-squares linear fit to dive duration versus depth data shows that the rate
of change of depth is, in general, greater for disoriented fish in all oceanographic
regimes. In addition, the rate of change of depth for oriented fish is greater in

regimes that are more weakly stratified.

Future field work in this area should be implemented so that the vertical, hor-
izontal and spatial resolution of the physical oceanographic measurements and the
vertical resolution of the tracking data be improved. The vertical and horizontal
scales associated with the hydrographic parameters measured in this study were in
the order of one and hundreds of meters respectively. In the future, measurements
of these parameters and current shears should be made at scales as close as pos-
sible to the estimated sensing capabilities of the fish. Free-falling instrumentation
and multiple vessels could provide the much more highly resolved data required.
These data would not only provide a far more complete qualitative description of
the tracked fish’s vertical distribution, but also temperature, salinity and depth at
scales commensurate with those of hydrographically borne orientation cues. Com-
plete quantification of the relationship between the physical oceanography and the
tracked sockeye’s vertical distributinon must await improved field and theoretical

studies.
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As no clear quantitative relationship was found between physical oceano-
graphic variables and vertical distributions, dimensional analysis was employed in
an attempt to reveal the functional form of any relationship that might exist in
the data. This attempt was unsuccessful and it can be concluded that physical
variables alone were insufficient to specify the vertical distribution of the tracked
sockeye. The numerous other attempts discussed previously would seem to support
this generalization. An effective quantification of the sockeye’s vertical distribution

must somehow include the physiological and motivational state of the fish.
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